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Abstract

Accurate detection of extracellular chemical gradients is essential for many cellular behav-

iors. Gradient sensing is challenging for small cells, which can experience little difference in

ligand concentrations on the up-gradient and down-gradient sides of the cell. Nevertheless,

the tiny cells of the yeast Saccharomyces cerevisiae reliably decode gradients of extracellu-

lar pheromones to find their mates. By imaging the behavior of polarity factors and phero-

mone receptors, we quantified the accuracy of initial polarization during mating encounters.

We found that cells bias the orientation of initial polarity up-gradient, even though they have

unevenly distributed receptors. Uneven receptor density means that the gradient of ligand-

bound receptors does not accurately reflect the external pheromone gradient. Nevertheless,

yeast cells appear to avoid being misled by responding to the fraction of occupied receptors

rather than simply the concentration of ligand-bound receptors. Such ratiometric sensing

also serves to amplify the gradient of active G protein. However, this process is quite error-

prone, and initial errors are corrected during a subsequent indecisive phase in which polarity

clusters exhibit erratic mobile behavior.

Introduction

Chemical gradients provide cells with critical information about their surroundings, allowing

them to navigate via chemotropism (gradient-directed growth) or chemotaxis (gradient-

directed migration). For example, axons steer their growth up gradients of netrin to form new

synapses, social amoebae crawl up gradients of cyclic adenosine monophosphate (cAMP) to

aggregate into fruiting bodies, sperm swim up gradients of chemoattractants to find eggs, and

neutrophils migrate up gradients of bacterial peptides or cytokines to eliminate pathogens

from mammalian tissues [1–3]. In most cases, cells sense external signals via G-protein–cou-

pled receptors (GPCRs), leading to cytoskeletal reorganization that produces directional

growth or movement [4].
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The sequence of molecular events that transduce extracellular signals to produce gradient-

directed outputs is perhaps best understood in the genetically tractable budding yeast S. cerevi-
siae. Yeast are nonmotile unicellular fungi, and haploid yeast cells of mating type (MAT) a can

mate with haploids of MATα. The cells secrete peptide pheromones that bind GPCRs on cells

of the opposite mating type (α-factor is sensed by sterile 2 [Ste2] in a cells, and a-factor is

sensed by Ste3 in α cells) [5]. Pheromone-bound receptors activate heterotrimeric G proteins

to generate GTP–Gα and Gβγ. Gβγ recruits two key scaffold proteins, Ste5 and factor arrest 1

(Far1), from the cell interior to the membrane (Fig 1A) [6–8]. Ste5 recruitment leads to activa-

tion of the mitogen-activated protein kinases (MAPKs) fusion 3 (Fus3) and kinase suppressor

of supersensitive 2 mutations 1 (Kss1), which induce transcription of mating-related genes,

arrest the cell cycle in G1 phase in preparation for mating, and promote cytoskeletal polariza-

tion [8]. Far1 recruitment orients the cytoskeleton towards the mating partner by providing

spatial information to the conserved Rho-family GTPase cell division control 42 (Cdc42),

which is the master regulator of cell polarity in yeast (Fig 1A) [6,7,9,10].

To establish a polarized axis, Cdc42 becomes concentrated and activated at a site on the cell

cortex referred to as a “polarity patch” [9]. Localized GTP–Cdc42 then acts through formins to

orient linear actin cables towards the site, and the cables deliver secretory vesicles that mediate

local growth and fusion with a mating partner [11–14]. Polarity establishment is thought to

involve a positive feedback loop whereby local GTP–Cdc42 promotes activation of further

Cdc42 in its vicinity [15]. Cdc42 is activated by the guanine nucleotide exchange factor (GEF)

Cdc24 [16], which is recruited to the polarity patch by the scaffold protein bud emergence 1

(Bem1), which is itself recruited to the patch by Cdc42 effectors, providing a mechanism for

positive feedback [17]. Cdc24 also binds directly to Far1, and the Gβγ–Far1–Cdc24 complex is

thought to enhance GEF-mediated Cdc42 activation at sites with elevated levels of Gβγ
[6,7,10,18]. Mutations that disrupt Far1–Cdc24 binding do not affect polarity establishment

per se, but they abolish the ability to properly orient polarity with respect to the pheromone

gradient [6,7]. Thus, Far1 provides a direct spatial connection between upstream receptor–

pheromone binding and downstream Cdc42 activation, allowing the cells to exploit the phero-

mone gradient to find their partners.

Like other eukaryotic cells, yeast cells are thought to compare the ligand concentrations

across the cell to determine the orientation of the gradient [19]. If the distribution of phero-

mone-activated receptors reflects the pheromone gradient, then Gβγ–Far1–Cdc24 complexes

will be enriched up-gradient, spatially biasing activation of Cdc42 to kick off positive feedback

at the right location for mating. However, the accuracy of such global spatial gradient sensing

is limited by the small yeast cell size (approximately 4 μm diameter) [20], and simulations con-

strained by experimental data on binding and diffusion parameters suggested that the process

would be inaccurate [21]. Indeed, when yeast cells are exposed to artificial, calibrated phero-

mone gradients, polarized growth often starts in the wrong direction [22,23]. Such cells can

nevertheless correct initial errors by moving the polarity site [24,33,81].

Moving a Cdc42 patch that is constantly being reinforced by positive feedback seems coun-

terintuitive, but time-lapse imaging revealed that the patch “wandered” around the cortex of

pheromone-treated cells on a several-minute timescale [24]. Wandering was dependent on

actin cables and vesicle traffic, which perturb the polarity patch [24–26]. New pheromone

receptors are delivered to the polarity site, and after binding pheromone, the receptors are rap-

idly internalized and degraded [27–30]. As a result, pheromone receptors and their associated

G proteins become concentrated in the vicinity of the polarity site, generating a sensitized

region of membrane that can detect the local pheromone concentration [26,31,32]. As the

polarity site wanders around the cortex, this receptive “nose” would sample pheromone levels

at different locations.
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If a cell’s polarity site were facing a potential partner, then the cell would detect a higher

pheromone concentration than if the polarity site were misoriented. In yeast cells engineered

to activate high levels of MAPK activity by artificial recruitment of the scaffold Ste5 to the

plasma membrane, the cells develop a strong polarity site that wanders gradually around the

cell surface. When such cells are exposed to high levels of pheromone, the patch stops moving

[26]. These observations suggested an “exploratory polarization” hypothesis to explain error

correction: movement of the cell’s polarity site would continue until the cell sensed a high

pheromone level, indicating that the site was correctly oriented towards a mating partner [33].

A behavior strikingly similar to the exploratory polarization strategy discussed above was

described for mating cells of the distantly related fission yeast Schizosaccharomyces pombe
[34,35]. Unlike budding yeast, which mate rapidly in nutrient-rich conditions, fission yeast

mate under starvation conditions. Potential mating partners exhibit an extended period in

which they sequentially assemble and disassemble a weak polarity cluster at multiple locations.

Clusters that happen to assemble in the vicinity of a cluster from a mating partner become

strengthened and stabilized, presumably because of detection of a higher pheromone level.

This strategy has been termed “speed dating,”

The extent to which yeast cells rely on global spatial sensing to orient the formation of a

polarity site, versus exploratory polarization after the site has formed, remains unclear. A

recent study found that when cells were placed in an artificial pheromone gradient in a micro-

fluidics device, initial site formation was essentially random with respect to the gradient, and

orientation occurred almost entirely by exploratory polarization [36]. However, it is unclear

whether similar results might apply to different pheromone gradients or to more physiological

conditions in which gradients are generated by mating partners.

To better understand how yeast actually locate their mating partners, we imaged mating

events in mixed populations of a and α cells. We found evidence for both global spatial sensing

and error correction. Encounters between partners were characterized by (i) rapid and non-

random initial clustering of polarity proteins biased towards the partner; (ii) an “indecisive

phase,” in which fluctuating polarity sites relocalized in an erratic and very dynamic manner;

and (iii) a “committed phase,” in which cells polarized stably towards mating partners, culmi-

nating in fusion. Transition from indecisive to committed behavior was associated with a rise

in MAPK activity. Initial polarization was surprisingly accurate given that it occurred despite a

highly nonuniform (and thus potentially misleading) distribution of receptors. We found that

Fig 1. Indecisive and committed phases of polarity behavior in mating yeast. (A) Pheromone (α or a-factor, yellow) binds to

pheromone receptors (Ste2 or Ste3, green), activating receptor-associated Gα and Gβγ. (Left) Gβγ recruits Ste5, which activates a

MAPK cascade leading to cell cycle arrest in G1, transcription of mating-related genes, and polarization. (Right) Gβγ recruits Far1,

which is bound to the GEF Cdc24, leading to local Cdc42 activation. (B) Representative images of cells with fluorescent polarity

probes in a mating mixture (a, Bem1–tdTomato, magenta; α, Bem1–GFP, green). At 0 min (top), cells are budding; those that will

go on to mate are circled. The same mating pairs are indicated at 84 min (bottom). By this time, two pairs have fused, forming

zygotes with mixed magenta/green fluorescence (outlined in red, blue), and two pairs have polarized toward one another but not yet

fused (outlined in white, orange). (C) Localization of Bem1–GFP in a representative mating cell. Top: Inverted maximum z-

projection images of Bem1–GFP at selected times (cytokinesis = 0 min). A weak Bem1 cluster appears 4 min (blue box). The cluster

moves and fluctuates in intensity during an “indecisive phase” until 38 min (orange box), when it strengthens and remains

stationary during a “committed phase” until fusion occurs at 54 min. Bottom: quantification of Bem1 clustering (CP) in the same

cell (see Materials and Methods). (D) Bem1 CP in 10 representative mating cells, as in (C). The timeline extends back to the time of

cell birth from the time of fusion (0 min). Color switches from blue to orange at Tp. (E) Bem1 CP at Tic and Tp (n = 44, error

bars = SD, �t test, p< 0.05). (F) Localization of Bem1–GFP and Spa2–mCherry in a mating cell from birth (−82 min) to fusion (0

min). Top: Inverted maximum z-projection images of the indicated probes. Bottom: quantification of Bem1 and Spa2 CP in the

same cell. (G) Spa2 CP in nine representative cells, displayed as in (D). (H) The cumulative distribution (n = 246) of the interval

between birth and Tic in mating cells. (I) The cumulative distribution (n = 246) of the duration of the indecisive (blue) and

committed phase (orange). Dashed lines indicate median. Scale bar, 3 μm. Strains: DLY12943, DLY7593 (B–E, H, I), DLY9070 (E),

DLY21379 (F, E). Bem1, bud emergence 1; Cdc, cell division control; CP, clustering parameter; Far1, factor arrest 1; GEF, guanine

nucleotide exchange factor; GFP, green fluorescent protein; MAPK, mitogen-activated protein kinase; Spa2, spindle pole antigen 2;

Ste, sterile; tdTomato, tandem dimer tomato; Tic, time of initial clustering; Tp, time of polarization.

https://doi.org/10.1371/journal.pbio.3000484.g001
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cells were able to compensate for the variation in receptor density via “ratiometric” sensing of

the ratio of occupied versus unoccupied pheromone receptors across the cell [37]. Moreover,

such ratiometric sensing improved the accuracy of gradient detection and provided a measure

of gradient amplification. These findings reveal how yeast cells can overcome the challenges

imposed by small cell size and lack of cell mobility to locate mating partners.

Results

Indecisive and committed phases of mating cell polarization

To observe how cells find their mates, we mixed a and α cells expressing differently colored

polarity probes, Bem1-GFP (α) and Bem1-tandem dimer tomato (tdTomato) (a), and imaged

them at 2 min resolution (S1 Video and Fig 1B). Fusion events were identified from movies

and the cells were tracked back to their time of “birth” (the cytokinesis that preceded the mat-

ing event). Fig 1C (top) illustrates selected frames from a representative mating cell. This cell

formed a faint initial cluster of Bem1 just 4 min after birth (blue panel), which then fluctuated

in intensity and moved erratically around the cell cortex for 34 min before stably polarizing

adjacent to a mating partner (orange panel). After another 16 min, the two cells fused, as seen

by the mixing of red and green probes. We designate the time between initial cluster formation

(Tic) and stable polarization (Tp) as the “indecisive phase,” reflecting the erratic behavior of the

polarity probe. We designate the time between stable polarization (Tp) and fusion as the “com-

mitted phase” of mating, reflecting the strong and stably located polarity site. We note that cell

shape remained approximately constant during the indecisive phase, with growth of a mating

projection occurring only during the committed phase.

To quantify the degree of Bem1 polarization, we used a metric that exploits the pixel inten-

sity distribution within the cell to assess the degree of signal clustering (clustering parameter,

hereafter CP: see Materials and Methods). In mating cells, Bem1 CP was initially low at Tic,

fluctuated during the indecisive phase, increased near Tp, and then remained high throughout

the committed phase (Fig 1C–1E). A similar two-stage process was observed for cells express-

ing fluorescent versions of spindle pole antigen 2 (Spa2), a polarisome component that binds

and helps to localize the formin bud neck involved 1 (Bni1) (S2 Video) [38–40]. Analysis of

cells expressing both Bem1 and Spa2 probes revealed that although Spa2 clusters were more

tightly focused than Bem1 clusters, the probes clustered, dispersed, and moved together (Fig

1F and 1G). We conclude that cells undergo a reproducible pattern of polarization during mat-

ing, with sequential indecisive and committed phases.

The earliest observable clustering of polarity factors occurred shortly after birth (Fig 1H:

median 4 min after initiating cytokinesis), frequently at a different location than that of the

final stable polarization (see below). The duration of the indecisive phase (Fig 1I: median 42

min) was very variable, ranging from 10 to 120 min. This is consistent with a search process

that would take a variable amount of time depending on the availability and proximity of

potential mating partners. In contrast, the committed phase was consistently about 20 min

(Fig 1I), perhaps reflecting the time required to remodel the local cell walls and fuse.

Timing of commitment

In our protocol, cells of each mating type are proliferating asynchronously before they are

abruptly mixed. Thus, cells often first “see” each other while they are budding, and one cell of

each mating pair enters G1 phase (where mating is possible) before the other. Because partner

fusion during mating occurs at the same time for both partners, the first-born partner must

extend one or both phases of polarization while the second-born partner completes the previ-

ous cell cycle and catches up (Fig 2A). Does the first-born locate and commit to its partner

Gradient sensing in yeast
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Fig 2. Timing of commitment by mating partners. (A) Two possibilities for polarization timing in mating partners

that “meet” when they are at different stages of the cell cycle. Top: The first-born cell (blue) locates the partner (orange)

while the latter is still completing the cell cycle. The first-born cell polarizes and waits during an extended committed

phase for its partner to catch up. Bottom: The first-born cell cannot locate its partner until the partner enters G1 phase.

It remains in an extended indecisive phase until the partner enters G1, after which both cells polarize. Dashed line:

median. (B) Cumulative distribution of the interval between stable polarization and fusion (committed phase) in first-

born (blue, n = 93) and second-born cells (orange, n = 153). (C) Cumulative distribution of the interval between initial

clustering and commitment (indecisive phase) in first-born (blue, n = 93) and second-born cells (orange, n = 153)

(�two-sample KS test, p< 0.05). Dashed lines: median. (D) Cumulative distribution of the duration of the indecisive
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first, and then wait (Fig 2A, top), or does the first-born remain indecisive until the second-

born has caught up (Fig 2A, bottom)? We found no difference in the average duration of the

committed phase between first and second-born cells (Fig 2B). Conversely, the indecisive

phase was significantly longer in first-born cells (Fig 2C), suggesting that first-born cells

remain indecisive while second-born cells complete the cell cycle and that cells only polarize

stably towards partners that are in G1 (Fig 2A, bottom). We found no difference in the dura-

tion of either phase between a and α cells (Fig 2D).

The simplest hypothesis to explain why commitment is delayed until both cells are in G1

would be that pheromone secretion changes when cells enter G1. To assess the rate of phero-

mone synthesis, we introduced a fluorescent reporter whose production was driven by the pro-

moter of the major α-factor gene (MFα1) [41,42]. Reporter signal varied regularly through the

cell cycle, rising in G1 and falling (because of dilution) after bud emergence (Fig 2E). A control

reporter expressed from the constitutive translation elongation factor (TEF1) promoter did

not display a similar sawtooth fluctuation through the cell cycle (Fig 2F). The magnitude of the

cell cycle variation in MFα1 reporter intensity was small (about 20%), but one would expect a

stable reporter to integrate (and hence dampen) the degree of real variation. Modeling the

expected effect of GFP fluorescence maturation and dilution (see Materials and Methods) sug-

gested that the true α-factor synthesis rate (and presumably the rate of α-factor secretion) was

over 5-fold higher during G1 than in S/G2/M (Fig 2G). Thus, first-born cells would detect

lower levels of pheromone until their partners entered G1, and stable polarization towards a

partner (commitment) may be triggered by increased pheromone signaling. This conclusion is

consistent with earlier findings that the α-factor dose required to induce projection formation

was significantly higher than that required to induce cell cycle arrest in G1 [43].

Relation between MAPK activity and polarity factor dynamics

One consequence of pheromone signaling is the activation of the mating MAPKs Fus3 and

Kss1 [5]. MAPK activity is necessary for projection formation [44], and MAPK activity may

also be sufficient to induce projection formation because artificial membrane recruitment of

Ste5 (promoting high MAPK activity) leads to projection formation even in the absence of

pheromone [8,45]. Moreover, MAPK activity in mating cells increases as cells begin to form

projections [44]. Given these findings, it seemed likely that an increase in MAPK activity

might be responsible for triggering the change from indecisive to committed behavior of the

polarity site. To monitor MAPK activity in mating cells, we introduced a single-cell MAPK

sensor [46] into our strains together with the Spa2 probe. The MAPK sensor is a fluorescent

probe that moves from the nucleus to the cytoplasm when it is phosphorylated by active

MAPK. In the absence of pheromone, the sensor was predominantly nuclear, although the

phase (dashed) and committed phase (solid) in second-born cells of MATa (blue, n = 87) and α (orange, n = 66). (E)

Pheromone synthesis is high in G1 and decreases in S/G2/M. Cells (MATα) expressing sfGFP from the MFα1

promoter were imaged for 150 min. Reporter fluorescence was normalized to the value at the time of first bud

emergence (0 min: black dashed line). Curves were colored orange from birth to bud emergence (G1 phase) and blue

from bud emergence to cytokinesis (S, G2, and M phases). (F) A reporter driven by the constitutive TEF1 promoter

was analyzed as in E. (G) Modeling MFα1 promoter activity as switching between high in G1 and low in S/G2/M

(inset, blue) can predict the expected fluctuation in fluorescence intensity (inset, orange). Main graph: fractional

change in output fluorescence intensity signal (y axis) predicted as a function of fold-change in the input MFα1

promoter activity across the cell cycle (x axis). The observed 20% change (0.2: black dashed line) would require

>5-fold change in pheromone synthesis rate (inset). Code for Fig 2G is available at https://github.com/DebrajGhose/

Ratiometric-GPCR-signaling-enables-directional-sensing-in-yeast. Strains: DLY12943, DLY7593 (B-D), DLY22883

(E), DLY22928 (F). GFP, green fluorescent protein; KS, Kolmogorov–Smirnov; MAT, mating type; MFα1, major α-

factor gene 1; sf, superfolder; TEF1, translation elongation factor 1.

https://doi.org/10.1371/journal.pbio.3000484.g002

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 7 / 35

https://github.com/DebrajGhose/Ratiometric-GPCR-signaling-enables-directional-sensing-in-yeast
https://github.com/DebrajGhose/Ratiometric-GPCR-signaling-enables-directional-sensing-in-yeast
https://doi.org/10.1371/journal.pbio.3000484.g002
https://doi.org/10.1371/journal.pbio.3000484


nuclear-to-cytoplasmic ratio varied somewhat through the cell cycle, peaking during anaphase

(Fig 3A and S3 Video). We suspect that the sensor may be phosphorylated by the cyclin-

dependent kinase (CDK) during the cell cycle because nuclear export of the sensor peaks in

mitosis, and MAPK and CDK are both proline-directed kinases that often overlap in substrate

specificity. In a mating mix, the sensor distribution became uniform prior to fusion, reflecting

the expected increase in MAPK activity (Fig 3B and S4 Video). To quantify the degree of

nuclear concentration of the MAPK sensor, we measured the coefficient of variation (CV) in

pixel intensity across the cell. When the probe is nuclear, the bright nuclear and dim cyto-

plasmic pixels yield a high CV, but when the probe distribution is uniform, there is a low CV.

We found considerable cell-to-cell variability in this signal (S1A Fig), which could be largely

accounted for by differences in the level of expression of the probe (S1B Fig). We developed a

MAPK activity metric based on the CV of the probe (S1C and S1D Fig).

In mating cells, MAPK activity fluctuated but then climbed to a plateau about 20 min prior

to fusion (Fig 3C). Because this was similar to the clustering behavior of polarity probes, we

directly compared MAPK activity with Spa2 CP in individual mating cells (Fig 3D). These

measures aligned well with one another in most cells, with both Spa2 CP and MAPK activity

fluctuating during the indecisive phase before rising to a stable plateau during the committed

phase (Fig 3D and 3E). However, because the apparent plateau may be influenced by satura-

tion of the probe’s dynamic range, our data do not exclude the possibility that MAPK activity

continues to rise further during the committed phase. Indeed, a study using a different FRET-

based probe [44] suggested that MAPK activity reached a peak just before fusion.

To more directly ask whether an increase in MAPK activity promotes stable polarization,

we induced MAPK activity in the absence of pheromone by expressing a membrane-tethered

version of the MAPK scaffold Ste5 [8]. As MAPK activity increased and the MAPK sensor

exited the nucleus, Spa2 switched from faint and mobile clustering to become strongly polar-

ized (Fig 3G). The timing varied from cell to cell, but nearly all cells (97%, n = 118) with

induced MAPK eventually formed strong polarity patches. Thus, intermediate MAPK activity

is associated with indecisive polarity factor dynamics, whereas elevated MAPK signaling is

associated with strong polarization.

A cross-correlation analysis of Spa2 CP and MAPK activity during the indecisive phase

revealed that they fluctuated in tandem (Fig 3F). This correlation suggests that varying MAPK

activity might contribute to fluctuations in polarity factor clustering, that polarity factor clus-

tering might influence MAPK activity, or both (see Discussion).

Gradient sensing before initial polarity clustering

Our findings thus far suggest that mating cells undergo the following sequence of events. New-

born cells in G1 increase their rate of pheromone production, signaling to potential partners

that they are ready to mate. They arrest the cell cycle and initiate a weak level of polarization.

There follows an indecisive phase, during which polarity factors cluster at mobile and unstable

locations. At some point, MAPK activity increases, and polarity factors become stably concen-

trated and oriented towards a partner.

The indecisive phase may allow exploratory polarization to locate partners, as suggested by

studies with cells exposed to uniform pheromone [24,26] or artificial gradients [36]. Explor-

atory polarization differs markedly from the traditional spatial sensing model, in which unpo-

larized G1 cells first sense the pheromone gradient and only then polarize, generally in the

right direction [19,31,47,48]. These views are not mutually exclusive, and it could be that sig-

nificant gradient sensing takes place prior to the initial clustering of polarity factors. Indeed,

we found that in our mating mixtures, cells biased the locations of their initial polarity clusters
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Fig 3. Commitment coincides with an increase in MAPK activity. (A) Localization of MAPK activity sensor varies through the cell cycle. Inverted

maximum z-projection images of the sensor Ste71-33–NLS–NLS–mCherry in representative vegetatively growing cells. (B) The sensor is exported from

the nucleus in response to MAPK activation. MATa cells harboring Ste71-33–NLS–NLS–mCherry were mixed with MATα cells and imaged as in (A).

Representative mating cells are illustrated from birth to fusion (0 min = fusion). (C) MAPK activity calculated from sensor distribution (see Materials

and Methods) in the 60 min prior to fusion for 10 representative cells. The transition from the indecisive (blue) to committed phase (orange) was

determined from a Spa2-GFP probe in the same cells. (D) Left: MAPK activity (blue, as in C) and Spa2 CP (orange, as in Fig 1F) in a representative

mating cell. Right: six other cells. (E) Average MAPK activity (blue) and Spa2 CP (orange) in the 60 min prior to fusion (n = 41 cells). Shading: SD. (F)

Cross-covariance of MAPK activity and Spa2 CP during the indecisive phase (window from 60 min to 20 min before fusion) in mating cells (n = 41 cells).

Lag represents the time by which the Spa2 CP was shifted forward in time relative to the MAPK activity. 1 = perfect cross-covariance. (G) Cells harboring

Pgal1–Ste5–CTM allow MAPK induction by β-estradiol without pheromone treatment. Cells with the MAPK sensor and Spa2-GFP were imaged

following β-estradiol treatment. Inverted maximum z-projection images of selected time points show Spa2 neck localization during cytokinesis,

indecisive behavior upon intermediate MAPK activation, and committed behavior following high MAPK activation in representative cells. Scale bar,

3 μm. Strains: DLY22259 (A-F), DLY22764 (G). CP, clustering parameter; CTM, carboxy-terminal transmembrane domain; GFP, green fluorescent

protein; MAPK, mitogen-activated protein kinase; MATα, mating type α; NLS, nuclear localization sequence; Pgal1, galactose metabolism 1 promoter;

Spa2, spindle pole antigen 2; Ste, sterile.

https://doi.org/10.1371/journal.pbio.3000484.g003
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towards their eventual mating partners (Fig 4A). This directional bias was significantly higher

in second-born than first-born cells (Fig 4B), presumably because second-born cells are orient-

ing towards partners that are already in G1 and secreting more pheromone. In contrast, we

found no bias towards the previous cytokinesis site (neck) (Fig 4C). These findings suggest

that spatial gradient sensing occurs prior to initial clustering.

How would spatial gradient sensing occur? We assume that the gradient signal would be

interpreted via the spatial distribution of pheromone receptor complexes at the cell surface.

However, diffusion of receptor–ligand complexes could degrade the information available to

the cell regarding the spatial distribution of binding events. Simulations indicate that with dif-

fusion similar to that estimated for single-pass transmembrane proteins in yeast (0.0025 μm2/s

Fig 4. Nonrandom initial clustering of polarity factors. (A) Orientation with respect to partner. Top: cumulative distribution of initial Bem1 cluster

location (inset: 0˚ = cluster oriented towards mating partner) relative to the mating partner (n = 246). Black line: hypothetical random distribution

(�KS test, p< 0.05). Bottom: polar histogram display of the same data. (B) Top: cumulative distribution of initial cluster location relative to the mating

partner, plotted separately for first-born (blue, n = 93) and second-born (orange, n = 153) cells (�KS test, p< 0.05). Bottom: polar histogram display of

the same data. (C) Orientation with respect to neck. Cumulative distribution of initial cluster location relative to the site of cytokinesis plotted as in

(A) (n = 246, KS test, NS). Bottom: polar histogram display of the same data. (D) (Left) Single-plane inverted fluorescent images of representative

Ste27XR-GPAAD–sfGFP (top) and Snc2-GFP (bottom) cells that were bleached to assess fluorescence recovery due to diffusion. (Right) Fluorescence

recovery of the bleached region in the depicted cells, with exponential fits. (E) Estimated diffusion constants; each dot is one cell, and horizontal lines

mark averages (n = 17 and 11 for Ste2–sfGFP and Snc2–GFP cells, respectively). Code for Fig 4D and 4E is available at https://github.com/

DebrajGhose/Ratiometric-GPCR-signaling-enables-directional-sensing-in-yeast. Strains: DLY12943, DLY7593 (A-C), DLY21705, DLY17966 (D, E).

Bem1, bud emergence 1; GFP, green fluorescent protein; GPAAD, GPFAD to GPAAD mutation; KS, Kolmogorov–Smirnov; NS, not significant; sf,

superfolder; Snc2, suppressor of the null allele of CAP 2; Ste, sterile; 7XR, 7 lysine-to-arginine mutations.

https://doi.org/10.1371/journal.pbio.3000484.g004
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[49]), such blurring would be problematic in extracting spatial information from a pheromone

gradient [21]. The actual diffusion constant for yeast pheromone receptors is unknown.

We used Fluorescence Recovery After Photobleaching (FRAP) to estimate the Ste2 diffu-

sion constant (see Materials and Methods). A representative FRAP experiment is shown in Fig

4D. The average estimated diffusion constant was 0.0005 μm2/s (Fig 4E), about 5-fold slower

than estimates for single-pass transmembrane proteins [49]. Control experiments with a vesi-

cle-soluble NSF attachment protein receptor (v-SNARE) yielded more rapid diffusion (Fig 4D

and 4E). Thus, yeast pheromone receptors diffuse very slowly, potentially allowing more accu-

rate gradient sensing.

Nonuniform pheromone receptor distribution

While slow receptor diffusion preserves spatial information regarding the location of phero-

mone binding events, slow diffusion also preserves receptor heterogeneity at the cell surface.

In growing cells that were not exposed to α-factor, Ste2–superfolder (sf)GFP distribution var-

ied through the cell cycle, accumulating around the neck during cytokinesis (Fig 5A and 5B).

Ste2 distribution in G1 cells ranged from nearly uniform to highly polarized (Fig 5C). We

assume that uneven receptors in newborn cells arise from polarized secretion towards the neck

during cytokinesis. Quantification of surface Ste2 revealed a 3-fold difference (on average) in

Ste2 concentration from one side of the cell to the other (Fig 5D).

The nonuniform receptor distribution poses a potential problem for accurate gradient sens-

ing: one might expect cells to be preferentially sensitive to pheromone on the side where recep-

tors are enriched, which might not correspond to the side facing a mating partner. To

illustrate the problem, we conducted particle-based simulations of a model spherical cell with

receptors distributed unevenly over the surface with a 3-fold difference from one side of the

cell to the other (Fig 5E). We assume that heterotrimeric G proteins diffuse at the membrane

and become activated when they encounter a ligand-bound receptor. G-protein inactivation

occurs at a rate that is the same everywhere (see Materials and Methods). A stable pheromone

gradient was simulated by assuming that the probability that a receptor is active is 1.5-fold

higher on the up-gradient side than the down-gradient side of the cell (Fig 5F). Receptor diffu-

sion would not significantly blur this gradient (S2 Fig). We recognize that pheromone gradi-

ents may not be stable under mating conditions, but in our model, we use them to allow for

straightforward interpretation.

At any given time, our simulations provide the locations of all active G proteins on the cell

surface. From that, we calculated a resultant vector for active G protein and plotted the angle

between this vector and the imposed pheromone gradient (Fig 5G). When the receptor density

gradient and the pheromone gradient were aligned, the simulated cells identified the correct

direction (Fig 5G). However, when the density gradient was not aligned with the pheromone

gradient, the simulated cells were easily misled, with active G proteins accumulating in regions

with high receptor density (Fig 5G). Thus, without some compensatory mechanism, we would

expect yeast cells to have difficulty decoding the pheromone gradient in the presence of an

uncorrelated receptor density gradient.

Ratiometric sensing of receptor occupancy

A potential compensatory mechanism that could correct for the presence of more active recep-

tors at sites of high receptor density exploits the fact that receptor-dense regions would contain

more unbound receptor as well as ligand-bound receptor. If unbound receptor counteracts G-

protein activation, that could cancel out the higher rate of G-protein activation by ligand-

bound receptors. In yeast cells, the regulator of G-protein signaling (RGS) protein
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Fig 5. Pheromone receptor density variation around the cell membrane. (A) Single-plane inverted image of vegetatively growing

cells expressing Ste2–sfGFP. Membrane signal (blue arrow) is Ste2–sfGFP, but vacuole signal (orange arrow) is probably sfGFP cleaved

from Ste2-sfGFP after internalization. (B) Ste2 distribution through the cell cycle in representative cells. (C) G1 cells display Ste2

distributions ranging from almost uniform (top) to very asymmetric (bottom). (D) Quantification of Ste2–sfGFP membrane

distribution in G1 cells. Individual linescans (examples in color) were normalized to have the same total fluorescence and centered on

the peak of a smoothed spline fit. Black line, average (n = 71). (E–G) Particle-based simulations of receptor–G-protein interactions at

the cell membrane. Receptors and G proteins were simulated as diffusing particles on a spherical surface. G proteins were activated

when they encountered an active receptor, and active G proteins were spontaneously inactivated with first-order kinetics. (E) Receptors

were distributed unevenly: receptor density is indicated by the thickness of the black line (inset) and reflects a 3-fold gradient, similar to

the Ste2 distribution. (F) A 1.5-fold pheromone gradient was simulated along the x axis by varying the % of active receptors from 40%

to 60% across the cell diameter. (G) Simulations were conducted with receptor activity and density gradients oriented as in the

illustrations. The locations of all of the active G proteins were used to calculate a G-protein vector, whose angle to the direction of the

pheromone gradient is plotted (y axis) against time (x axis) (left). 0˚ indicates perfect orientation: active G-protein vector in the same

direction as the applied receptor activity gradient. The approximate range of G-protein vectors (blue wedge) is shown in the cartoon on

the right, along with the pheromone gradient (green shading) and receptor density (as in E). Code and key data for Fig 5G are available
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supersensitive 2 (Sst2) that inactivates the G protein is recruited to the cell membrane via bind-

ing to unoccupied Ste2 [50]. A recent study [37] insightfully suggested that this would cause

cells to measure the ratio of ligand-bound to unbound receptors (i.e., ratiometric sensing).

Pheromone-bound Ste2 loads GTP on Gα, whereas unbound Ste2–Sst2 promotes GTP hydro-

lysis by Gα, so the level of activated Gα depends on the ratio between pheromone-bound and

unbound Ste2 rather than the absolute level of bound Ste2 (Fig 6A). Here, we explore the pos-

sibility that such ratiometric sensing would also lead to measurement of the spatial distribution

of the ratio of active/total receptors so that differences in the local receptor density would not

distort a cell’s ability to determine the orientation of a pheromone gradient.

To test that idea, we repeated the simulations described above in which G proteins decode a

pheromone gradient that is distorted by the presence of uneven receptor density. The central

difference was that instead of a single G-protein deactivation rate regardless of spatial position,

G-protein deactivation occurred when an active G protein encountered an unbound receptor.

For fair comparison, the G-protein inactivation rate constants for the nonratiometric and

ratiometric simulations were empirically calibrated using simulations to produce similar levels

of active G protein at the midpoint of the gradient (Materials and Methods and S3A Fig). For

the ratiometric model, the simulated cell correctly identified the direction of the pheromone

gradient no matter what the receptor density distribution (Fig 6B). These simulations assumed

that bimolecular reactions were diffusion-limited, but similar results were obtained assuming

reaction-limited kinetics (S3B Fig). Thus, ratiometric sensing provides a robust mechanism

for preventing cells from being misled by uneven receptor density.

To experimentally test the Sst2-based ratiometric sensing model, we replaced Sst2 with a

human paralog, Homo sapiens regulator of G-protein signaling 4 (hsRGS4), which has similar

GTPase-activating protein (GAP) activity towards Gα but does not associate with Ste2 [37].

hsRGS4 is myristoylated and localized uniformly to the plasma membrane (Fig 6C). We found

that two copies of hsRGS4 expressed from the SST2 promoter were sufficient to restore wild-

type global pheromone sensitivity to cells lacking endogenous Sst2 (Fig 6D). However, cells

with hsRGS4×2 were significantly worse at orienting at their initial Bem1 clusters towards

their partners (Fig 6E). Instead, the initial clusters in hsRGS4x2 cells were strongly biased

towards the previous mother-bud neck (Fig 6F), a region of high receptor density (Fig 5).

Indeed, whereas wild-type cells often polarized Bem1 towards regions of low receptor density,

hsRGS4×2 cells displayed a strong tendency to establish initial clusters of Bem1 at sites

enriched for Ste2 (Fig 6G and 6H). Thus, gradient sensing depends on the endogenous RGS

protein Sst2, which may assist in this process by linking Gα–GTP hydrolysis to the location of

unbound receptor.

Effect of changing receptor distribution

If the inaccurate gradient sensing exhibited by hsRGS4×2 cells is due to the uneven receptor

density, then the orientation defect of hsRGS4×2 should be exacerbated in cells with more

uneven receptors and corrected in cells with more uniform receptors (ratiometric sensing

should be unnecessary if receptor density is uniform). To test this prediction, we generated

cells that had different receptor distributions. To manipulate Ste2 distribution, we used Ste2

mutants that either lacked endocytosis signals (Ste27XR-GPAAD, where 7 lysine ubiquitination

sites are mutated to arginine and the GPFAD endocytosis motif is mutated to GPAAD,

at https://github.com/mikepab/ratiometric-gpcr-particle-sims. Scale bar, 3 μm. Strains: DLY20713 (A–D). A.U., arbitrary unit; GFP,

green fluorescent protein; GPCR, G-protein–coupled receptor; sf, superfolder; Ste, sterile.

https://doi.org/10.1371/journal.pbio.3000484.g005
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Fig 6. Ratiometric sensing allows cells to orient towards partners despite uneven receptor density. (A) Proposed ratiometric

pheromone sensing mechanism. The G protein is activated by pheromone-bound receptor (Ste2 + α-factor) and inactivated by the

RGS protein Sst2. Sst2 associates with inactive Ste2. Thus, G-protein activity reflects the ratio of bound to unbound receptors. (B)

Particle-based simulations were repeated as in Fig 5, except that instead of spontaneous inactivation, G proteins were inactivated

upon encountering inactive receptors. These “ratiometric” simulations (orange) were plotted as in Fig 5G. For comparison, both

the nonratiometric (blue) and ratiometric (orange) results are depicted in the cartoons. (C) hsRGS4 is distributed uniformly on the

membrane. Single-plane inverted image of hsRGS4–CFP. (D) Pheromone sensitivity measured via halo assay in wild-type cells

(orange) and cells in which Sst2 was replaced by one copy (gray, hsRGS4, �t test, p< 0.05) or two copies (blue, hsRGS4×2, NS) of

hsRGS4 (n = 9, three technical replicates at three pheromone concentrations, normalized to the average wild-type halo diameter).

(E) Left: cumulative distribution of initial cluster location relative to the nearest potential mating partner in wild-type (orange,

n = 222) and hsRGS4×2 cells (blue, n = 62, �two-sample KS test, p< 0.05). Right: polar histogram of the same data. (F) Left:
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allowing accumulation all over the membrane) [50,51] or had a constitutively active strong

endocytosis signal (Ste2NPF, where the GPFAD endocytosis motif is mutated to NPFAD, yield-

ing a highly polarized distribution with a bias toward the mother-bud neck) [52] (Fig 7A and

7B). Because endocytosis is needed for Ste2 degradation, Ste27XR-GPAAD was more abundant

than Ste2 or Ste2NPF (Fig 7C), and in halo assays, cells expressing Ste27XR-GPAAD were slightly

more sensitive to pheromone (Fig 7D). We assume the small effect on halo size is due to ratio-

metric accommodation to the increased receptor level because cells with compromised ratio-

metric sensing displayed a much greater increase in global sensitivity when they expressed

Ste27XR-GPAAD (Fig 7E).

To quantify the accuracy of initial clustering, we recorded the location of Bem1 clusters

among all cells that were born immediately adjacent to a G1 cell of opposite mating type.

Despite the dramatic difference in receptor distribution (Fig 7B), cells with Ste2NPF or

Ste27XR-GPAAD were comparable to wild-type cells at orienting their initial clusters towards

partners (Fig 7F). This finding suggests that yeast can correct for variations in receptor density.

However, the mutants in which Sst2 was replaced with hsRGS4 exhibited a polarization accu-

racy that was dramatically affected by the receptor distribution (Fig 7G). In these mutants, ini-

tial polarization was accurate only in cells with uniformly distributed receptors and became

random in cells with highly polarized receptors. We infer that yeast cells use Sst2-dependent

local ratiometric sensing of receptor occupancy to extract accurate information from the pher-

omone gradient despite having nonuniform receptor density.

Ratiometric sensing amplifies the pheromone gradient

In addition to protecting cells from being misled by uneven receptor density, ratiometric sens-

ing could, in principle, confer a benefit even in cells that had uniformly distributed receptors.

This is because a gradient of pheromone would generate both a gradient in the concentration

of ligand-bound receptors and an opposing gradient in the concentration of unoccupied

receptors (Fig 8A). Consider a gradient of active receptor rising from left to right across the

cell, with 50% active receptor in between. If we compare ratiometric and nonratiometric sens-

ing models matched so that the G-protein deactivation rate in both models is equal when 50%

of the receptor is bound to ligand, then the active G-protein concentration on the right side

will be higher for the ratiometric model because the inactivation rate (mediated by inactive

receptor, which is <50% on this side) is lower. Similarly, the active G-protein concentration

on the left side will be lower for the ratiometric model because the inactivation rate is higher.

Thus, the difference in active G-protein concentration between the two ends of the cell will

always be larger in the ratiometric model.

cumulative distribution of initial cluster location relative to the site of cytokinesis in wild-type (orange, n = 222) and hsRGS4x2 cells

(blue, n = 62, �two-sample KS test, p< 0.05). Right: polar histogram of the same data. (G) Bem1 initial cluster location is biased by

Ste2 distribution in cells with hsRGS4×2 but not in cells with wild-type Sst2. Averaged Bem1–tdTomato distribution (shaded

region = standard deviation) at the time of initial clustering, centered on the location with maximum Ste2, in wild-type (orange,

n = 33) and hsRGS4×2 cells (blue, n = 33). Ste2 and Bem1 linescans were acquired from maximum projection images. (H) Example

images of cells at the time of initial Bem1 clustering. Bem1 clusters (magenta) sometimes form in areas depleted of receptor (green)

in wild-type cells, but in hsRGS4×2 cells, clusters tend to form where receptors are concentrated. Single-plane Ste2–sfGFP images

(first column), maximum projection Bem1–tdTomato images (second column), and overlays (third column) from representative

wild-type and hsRGS4×2 cells. A simplified cartoon (fourth column) depicts Ste2 distribution and the location of Bem1 initial

clusters (arrow). Code and key data for Fig 6B are available at https://github.com/mikepab/ratiometric-gpcr-particle-sims. Scale

bar, 3 μm. Strains: DLY22318 (C, D), DLY22321 (D), DLY22520 (D–F), 12943 (E–F), DLY22243, 22628 (G, H). Bem1, bud

emergence 1; CFP, cyan fluorescent protein; GFP, green fluorescent protein; hsRGS4, Homo sapiens regulator of G-protein

signaling 4; KS, Kolmogorov–Smirnov; NS, not significant; RGS, regulator of G-protein signaling; sf, superfolder; Sst2,

supersensitive 2; Ste, sterile; tdTomato, tandem dimer tomato.

https://doi.org/10.1371/journal.pbio.3000484.g006
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Fig 7. Ratiometric sensing makes gradient detection robust to changes in receptor distribution. (A) Single-plane inverted images

of Ste2–sfGFP (top), Ste2NPF–sfGFP (middle), and Ste27XR-GPAAD–sfGFP (bottom) in representative G1 cells. Ste27XR-GPAAD–sfGFP

images were scaled differently to compensate for increased abundance. (B) Average Ste2 membrane distribution, quantified as in Fig

5D, in G1 cells with Ste2–sfGFP (blue), Ste2NPF–sfGFP (orange), and Ste27XR-GPAAD–sfGFP (green). (C) Ste2–sfGFP abundance. Left:

representative western blot (full uncropped blot available in S5 Fig). α-GFP antibodies label two bands—full-length Ste2–sfGFP and

vacuolar sfGFP (note absence of vacuole signal for Ste27XR-GPAAD). Right: quantification of full-length Ste2 abundance (n = 3

biological replicates, normalized to the average abundance of wild-type Ste2). (D) Halo assay for global pheromone sensitivity of cells

with wild-type Ste2 (blue), Ste2NPF (orange), and Ste27XR-GPAAD (green). Top: images of representative halos. Bottom: quantification

of halo diameter (n = 12, 3 technical replicates, normalized to the average wild-type halo diameter; �t test, p< 0.05). (E) Halo assay as
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To understand how large the benefits of ratiometric sensing might be, we developed a sim-

ple model assuming that local G-protein activity reaches steady state (S1 Text). As an example,

we calculated the gradients of active G protein across the cell that would result from linear gra-

dients of receptor activity centered at 50% active receptor so that both models have the same

concentration of G protein at the cell middle (Fig 8B). As expected, steeper gradients of recep-

tor activity produced steeper gradients of active G protein. The crucial parameter controlling

the shape of the G-protein gradients in these conditions is the ratio between the G-protein

inactivation and activation rate constants (β in Fig 8A and 8B). Raising this ratio lowers the

active G-protein concentration and vice versa; when the ratio is 1, the G-protein gradient

equals the receptor gradient for the ratiometric model. Fig 8B illustrates the gradients of active

G protein predicted on the assumption of ratiometric or nonratiometric sensing.

To explore a wider range of gradients and values of β, we measured the difference in active

G-protein concentration (ΔG�) across 5 μm (representing the width of the cell) and calculated

a Signal Ratio (SR) as the ratio of this difference between the models: SR = ΔG�ratiometric/

ΔG�nonratiometric. Thus, SR values>1 indicate a greater signal for the ratiometric model. For

shallow gradients, the ratiometric model outperforms the nonratiometric model by a factor of

2. With steeper gradients, the SR varies with β and can exceed 2 (Fig 8C).

The example gradients shown in Fig 8B show that the ratiometric and nonratiometric mod-

els differ not only in the magnitude of the difference between the G-protein concentrations at

the endpoints (ΔG�), but also in the shape of the G-protein gradients. Notably, whenever β>
1, the ratiometric model produces gradients that are convex, meaning that the G-protein con-

centration rises more steeply on the right (up-gradient side) than on the left. In contrast, gradi-

ents in the nonratiometric model are always concave, rising more steeply on the left.

Convexity in the gradient profile may confer an advantage in terms of deciding where to

place the polarity site because a higher fraction of the active G protein is concentrated near

that pole, as illustrated in Fig 8D. This may enable the cell to make a more robust choice of

polarity site in the presence of noise. With a concave profile, cells may not be able to distin-

guish where the G-protein concentration is highest because the profile is flatter at the high

end. For a fixed net difference in active G-protein concentration between the cell ends, a con-

vex gradient would concentrate more G protein up-gradient than a concave gradient, and the

high-concentration zone would be narrower (shaded areas in Fig 8D). Thus, in addition to

translating the same receptor gradient into a G-protein gradient with a larger difference

between the cell ends, ratiometric sensing may further facilitate accurate orientation by sculpt-

ing the gradient shape to better delineate the up-gradient pole. Both features should improve

the signal-to-noise ratio for gradient detection.

The discussion above neglected diffusion. To examine the benefit of ratiometric sensing

without neglecting diffusion, we conducted particle-based simulations with uniform receptor

in (D) for cells with hsRGS4×2 in place of SST2, with wild-type Ste2 (blue) and Ste27XR-GPAAD (green). (F) Left: Cumulative

distribution of initial Bem1 cluster orientation relative to the nearest potential mating partner for MATa cells born immediately

adjacent to a MATα cell in G1. Cells with wild-type Ste2 (blue, n = 222), Ste2NPF (orange, n = 93, NS), or Ste27XR-GPAAD (green,

n = 148, NS). Right: polar histograms of the same data. (G) Left: Cumulative distribution of initial Bem1 cluster orientation as in (E)

for cells with hsRGS4×2 in place of SST2, with wild-type Ste2 (blue, n = 62), Ste2NPF (orange, n = 66, NS), or Ste27XR-GPAAD (green,

n = 65, �two-sample KS test, p< 0.05). Note: hsRGS4×2 + Ste27XR-GPAAD (green) is not significantly different from wild type + SST2
(blue dashed line). Right: polar histograms of the same data. Strains: DLY20713, DLY20715, DLY21705 (A, B), DLY21203,

DLY21206, DLY21704 (C), DLY8993, DLY21205, DLY21206 (D), DLY23623, DLY23624 (E), DLY12943, DLY22058, DLY22397 (F),

DLY22520, DLY22570, DLY22606 (G). A.U., arbitrary unit; Bem1, bud emergence 1; Cdc, cell division cycle; GFP, green fluorescent

protein; GPAAD, GPFAD to GPAAD mutation; hsRGS4, Homo sapiens regulator of G-protein signaling 4; KS, Kolmogorov–

Smirnov; MAT, mating type; NPF, GPFAD to NPFAD mutation; NS, not significant; RGS, regulator of G-protein signaling; sf,

superfolder; Sst2, supersensitive 2; Ste, sterile; 7XR, 7 lysine-to-arginine mutations.

https://doi.org/10.1371/journal.pbio.3000484.g007
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Fig 8. Ratiometric sensing amplifies the gradient signal and improves accuracy even when receptors are distributed uniformly. (A) When

receptor distribution is uniform, a gradient of active receptors automatically implies an opposing gradient of inactive receptors (top). Bottom: G-
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density. As predicted, the ratiometric model reduced the noise in the direction of the gradient

as compared to the nonratiometric model (Fig 8E). This benefit was preserved with receptor

diffusion (S4A Fig), and ratiometric sensing outperformed nonratiometric sensing even with

as few as 1,000 total receptors (S4B Fig). Thus, ratiometric sensing can, in principle, provide a

significant benefit even to cells with uniform receptors.

In yeast cells that had more uniform receptor distribution because of mutations blocking

receptor endocytosis, the accuracy of initial polarization was also improved by ratiometric-

sensing–competent Sst2 as compared to nonratiometric hsRGS4, although the difference was

not statistically significant for the number of cells analyzed (Fig 8F).

Because cells undergo an indecisive phase after initial clustering of polarity factors and can

successfully mate even when initial clustering is poorly oriented, one might question whether

the accuracy of initial cluster orientation is important for subsequent mating. To address that

question, we compared the duration of the indecisive phase between cells that formed their ini-

tial clusters within 60˚ of their partners and those whose initial clusters were less well-oriented

(Fig 8G). The indecisive phase duration was significantly shorter for well-oriented than misori-

ented cells (median 28 min versus 46 min) (Fig 8G). Thus, gradient sensing before polarity

cluster formation can shorten the search for a partner.

Discussion

Initial polarity cluster location is surprisingly accurate

The rapid diffusion of peptide pheromones and the small size of the yeast cell led to the expec-

tation that there would be only a small difference in pheromone concentration between the

up- and down-gradient sides of the cell. This poses a fundamental difficulty in extracting accu-

rate directional information in the face of molecular noise [20]. Indeed, cells responding to a

0.5 nM/μm pheromone gradient were reported to orient initial polarity clusters almost at ran-

dom [36]. Moreover, the polarity circuit in yeast contains strong positive feedback [15,53],

which allows cells to polarize in random directions when treated with uniform pheromone

concentrations [24,45]. This would be expected to enable noise-driven polarization in random

directions in cells exposed to shallow gradients [54]. Making matters even worse, we docu-

mented significant receptor asymmetry, with (on average) 3-fold more concentrated receptors

on one side of the cell than the other. This creates a receptor density gradient that is signifi-

cantly steeper than the assumed pheromone gradient. Because the receptor density gradient is

protein activation and inactivation rates in ratiometric versus nonratiometric models, criterion for matching inactivation rates in the two models,

and definition of β. (B) Predicted gradient profiles for active G protein in ratiometric (yellow) and nonratiometric (orange) models illustrated for

receptor activity gradients (blue) of differing steepness and for different values of β. Steepness of the receptor gradient is the slope normalized to the

maximum slope of a linear gradient with 0% active receptors at left and 100% active receptors at right. (C) Plot of the SR (vertical axis and color

bar) for different gradient steepness and β. The SR refers to the difference in active G-protein concentration between the two ends of the gradient

predicted by the ratiometric model divided by that predicted by the nonratiometric model, assuming steady state. (D) For gradients that exhibit the

same signal, the shape of the gradient can affect the accuracy with which a cell would pick the right site for polarization. Three gradient shapes are

illustrated for the same signal, and the shaded region indicates the part of the gradient where the active G-protein concentration is above the

average. (E) Simulations with uniform receptor density. The ratiometric (orange) and nonratiometric (blue) models were simulated as in Fig 6B.

(F) Left: Cumulative distribution of initial Bem1 cluster orientation relative to the nearest potential mating partner for MATa cells born

immediately adjacent to a MATα cell in G1. Cells with Ste27XR-GPAAD (uniform receptors) and either wild-type Sst2 (orange, n = 148), or

hsRGS4×2 (blue, n = 65). Right: polar histograms of the same data. (G) Cumulative distribution of the duration of the indecisive phase in second-

born cells, plotted separately for cells in which the initial cluster formed within 60˚ of the mating partner (θ< 60˚, blue, n = 106), and cells in which

the initial cluster formed greater than 60˚ from the partner (θ> 60˚, orange, n = 47) (�two-sample KS test, p< 0.05). Inset: diagram displaying the

two groups of cells. Code for Fig 8B and 8C is available at https://github.com/DebrajGhose/Ratiometric-GPCR-signaling-enables-directional-

sensing-in-yeast. Code and key data for Fig 8E are available at https://github.com/mikepab/ratiometric-gpcr-particle-sims. Strains: DLY22397,

DLY22606 (F), DLY12943, DLY7593 (G). Bem1, bud emergence 1; GPCR, G-protein–coupled receptor; GPAAD, GPFAD to GPAAD mutation;

hsRGS4, Homo sapiens regulator of G-protein signaling 4; KS, Kolmogorov–Smirnov; MAT, mating type; NS, not significant; RGS, regulator of G-

protein signaling; SR, Signal Ratio; Sst2, supersensitive 2; Ste, sterile; 7XR, 7 lysine-to-arginine mutations.

https://doi.org/10.1371/journal.pbio.3000484.g008
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randomly oriented with respect to the mating partner, this poses a serious hurdle in accurate

gradient detection.

Despite the difficulties enumerated above, the location of initial polarity factor clustering

in mating mixtures was highly nonrandom and surprisingly accurate, with more than 50%

of cells clustering within 30˚ of the correct direction and less than 5% of cells clustering in

the opposite segment (a random process would have 17% of cells polarizing in each seg-

ment). This accuracy is all the more remarkable because initial clustering of polarity factors

occurred within 5.1 ± 2.8 min from cell birth. Given the slow timescale of yeast pheromone

receptor binding and dissociation [55–57], this rapid polarization may allow cells to take

advantage of pre-equilibrium sensing and signaling [58], a proposed mechanism in which

directionality is inferred from the rates of pheromone binding rather than steady-state dis-

tributions. However, that mechanism would not explain how accurate orientation could be

achieved in the face of highly uneven receptor density. Thus, our findings suggest that yeast

cells possess unappreciated mechanisms to overcome the difficulties in accurate gradient

detection discussed above.

Orientation accuracy is enhanced by ratiometric sensing

One way to avoid being misled by an asymmetric receptor distribution would be to compare

the local ratio of occupied and unoccupied receptors, rather than simply the density of occu-

pied receptors, across the cell surface. An elegant mechanism to extract such information was

proposed by [37]. Because the RGS protein Sst2 binds to unoccupied receptors [50], those

receptors promote GTP hydrolysis by Gα. Conversely, occupied receptors catalyze GTP-load-

ing by Gα. Thus, the net level of GTP–Gα reflects the fraction (and not the number) of occu-

pied receptors on the cell [37]. For this mechanism to promote local ratiometric sensing, it

requires additionally that a pheromone-bound receptor diffuse slowly relative to its lifetime at

the surface (approximately 10 min) [29] so that information about where receptors were when

they bound to pheromone is not lost. We found that receptors do indeed diffuse very slowly

(D< 0.0005 μm2/s) at the yeast plasma membrane. Moreover, ratiometric gradient sensing

requires that the ratio of active to inactive receptors is measured locally rather than globally.

Simulations with realistic numbers of receptors and G proteins demonstrated that this mecha-

nism has the potential to extract unbiased information about the pheromone gradient even in

the face of uneven receptor density.

We found that when RGS function was delocalized by replacing Sst2 (which binds unoccu-

pied receptors) with an equivalently active amount of hsRGS4 (which binds the plasma mem-

brane), the accuracy of initial polarity clustering was severely compromised. Instead of

polarizing towards potential partners, these cells assembled polarity clusters at regions where

receptors were concentrated. Thus, abrogating the Sst2-based ratiometric sensing mechanism

allowed cells to be misled by the asymmetric receptor distribution. Accurate orientation could

be restored to these cells by making receptor distribution more uniform. In sum, our findings

suggest that local ratiometric sensing compensates for uneven receptor distribution and allows

more accurate polarization towards mating partners.

An additional benefit of ratiometric sensing in terms of gradient detection is that this mecha-

nism exploits both the gradient in ligand-bound receptors and the complementary gradient in

unoccupied receptors to sharpen the downstream G-protein gradient. This feature would be ben-

eficial even in cells with uniform receptor density. Whereas for yeast, the main function of ratio-

metric sensing appears to be to correct for the uneven receptor distribution, we speculate that in

other systems in which receptors are distributed more uniformly, ratiometric sensing would still

be beneficial as a gradient amplification mechanism. Interactions between mammalian RGS
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proteins and specific GPCRs, analogous to the Sst2–Ste2 interaction in yeast, have been identified

in many contexts [59–61]. Indeed, one such interaction involved CXC chemokine receptor 2

(CXCR2), which mediates chemotactic responses in leukocytes [62]. It will be interesting to

determine whether other GPCRs exploit ratiometric sensing to sharpen gradient detection.

Error correction following initial clustering of polarity factors

Although initial polarity clusters were biased to occur near potential mating partners, the pro-

cess was error-prone, and about 50% of cells failed to orient initial polarity within 30˚ of the

correct direction. Nevertheless, these cells did eventually polarize towards partners and mate

successfully, indicating the presence of a potent error correction mechanism. We found that

after initial clustering, polarity factor clusters relocated erratically during an “indecisive phase”

of variable duration (45 min ± 23 min). Even cells that had correctly assembled initial polarity

clusters close to mating partners exhibited an indecisive phase, although of shorter duration.

During this phase, clusters fluctuated in intensity (concentration of polarity factors in the clus-

ter), extent (broader versus more focused clusters), location, and number (transiently showing

no cluster or 2–3 clusters instead of a single cluster).

At the end of the indecisive phase, cells developed strong and stable polarity sites correctly

oriented towards their partners, entering a “committed phase.” A similar stabilization of polar-

ity clusters was noted in cells exposed to an artificial pheromone gradient [36]. Previous stud-

ies used the term commitment to indicate a change in MAPK activity [44] or mating pathway

gene induction [63] occurring 15–30 min prior to fusion, and it seems probable that all of

these changes are linked and that an increase in MAPK activity promotes commitment.

The increase in MAPK activity may stem from integration of the pheromone signal over

time until a threshold is reached, triggering a rapid increase in MAPK activity. In this scenario,

the transient and weak indecisive phase polarity clusters may have no functional role. Alterna-

tively, even weak polarity clusters may act both as sources of pheromone secretion and locations

of pheromone sensing, as suggested by the exploratory polarization hypothesis (see Introduc-

tion). That hypothesis was based on the behavior of polarity clusters in cells that had been genet-

ically manipulated to induce maximal MAPK activity [26]. In such cells, a strong polarity

cluster moves gradually around the cell cortex, surrounded by a receptor- and G-protein–

enriched sensitized zone. It remains unclear whether the weaker and much more labile indeci-

sive phase polarity clusters can similarly engage in exploratory polarization. Nevertheless, the

exploratory polarization strategy, like the related “speed dating” strategy proposed for fission

yeast cells [34,35], has several attractive features. In particular, this strategy converts a very diffi-

cult problem (extracting directional information from shallow and noisy pheromone gradients)

into a much easier one (detecting a sharp temporal increase in local pheromone level).

Materials and methods

Yeast strains and plasmids

Yeast strains used in this study are listed in Table 1. Standard yeast molecular and genetic pro-

cedures were used to generate the strains. All strains are in the YEF473 background (his3-Δ200
leu2-Δ1 lys2-801 trp1-Δ63 ura3-52) [64]. The following alleles were previously described:

Bem1–GFP [17], Bem1–tdTomato and Spa2–mCherry [65], GFP–Sec4 [24], STE27XR-GPAAD

[26], Ste71–33–nuclear localization sequence (NLS)–NLS–mCherry [46], and hsRGS4–CFP

[37].

Spa2–GFP tagged at the endogenous locus was generated by the PCR-based method using

pFA6–GFP(S65T)–HIS3MX6 as template [66].
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To express Ste2–sfGFP, sfGFP was amplified by PCR using pFA6a–link–yoSuperfol-

derGFP–KAN (Addgene plasmid 44901; Cambridge, MA, USA) as template, with primers that

added NotI sites at the ends. This was used to generate DLB4295, a plasmid with a pRS306

backbone [67] and a C-terminal piece of the STE2 ORF (bases 600–1,296) fused to sfGFP and

Table 1. Yeast strains and genotypes.

Strain Relevant Genotype
DLY7593 MATα ura3:BEM1–GFP:URA3
DLY7594 MATa ura3:BEM1–GFP:URA3
DLY8156 MATα
DLY8993 MATa bar1ΔURA3
DLY9070 MATα BEM1–GFP:LEU2
DLY12943 MATa BEM1–tdTomato:HIS3
DLY13771 MATa BEM1–tdTomato:HIS3, GFP–SEC4:URA3
DLY20713 MATa SPA2–mCherry:hygR, STE2–sfGFP:URA3
DLY20715 MATa SPA2–mCherry:hygR, STENPF–sfGFP:URA3
DLY21070 MATα BEM1–tdTomato:HIS3
DLY21203 MATa SPA2–mCherry:hygR, STE2–sfGFP:URA3, bar1ΔURA3
DLY21205 MATa SPA2–mCherry:kanR, STE7XR-GPAAD–sfGFP:URA3, bar1ΔURA3
DLY21206 MATa SPA2–mCherry:kanR, STENPF–sfGFP:URA3, bar1ΔURA3
DLY21295 MATa STE27XR-GPAAD:URA3
DLY21301 MATa STE2NPF:URA3
DLY21379 MATa BEM1–tdTomato:HIS3, SPA2-GFP:HIS3
DLY21704 MATa SPA2-mCherry:kanR, STE27XR-GPAAD–sfGFP:LEU2:URA3, bar1ΔURA3
DLY21705 MATa SPA2–mCherry:hygR, STE27XR-GPAAD–sfGFP:LEU2:URA3
DLY22058 MATa ura3:BEM1–GFP:URA3, STE2NPF:URA3
DLY22243 MATa BEM1-tdTomato:HIS3, STE2–sfGFP:URA3
DLY22259 MATa SPA2–GFP:HIS3, ura3:Ste71–33–NLS–NLS–mCherry:URA3
DLY22318 MATa BEM1–GFP:LEU2, SST2:hsRGS4–CFP:kanR

DLY22321 MATa BEM1–GFP:LEU2
DLY22340 MATα BEM1–tdTomato:HIS3
DLY22397 MATa BEM1–GFP:LEU2, STE27XR-GPAAD:URA3
DLY22520 MATa BEM1–GFP:LEU2, SST2:hsRGS4–CFP:kanR, ura3:PSST2–hsRGS4–CFP:URA3
DLY22570 MATa BEM1–GFP:LEU2, STE2NPF:URA3, SST2:hsRGS4–CFP:kanR, ura3: PSST2–hsRGS4–CFP:URA3
DLY22606 MATa BEM1–GFP:LEU2, STE27XR-GPAAD:URA3, SST2:hsRGS4–CFP:kanR, ura3: PSST2–hsRGS4–CFP:

URA3
DLY22628 MATa BEM1–tdTomato:HIS3, STE2–sfGFP:URA3, SST2:hsRGS4–CFP:kanR, ura3: PSST2–hsRGS4–CFP:

URA3
DLY22883 MATα BEM1–tdTomato:HIS3, leu2:PMFα1–sfGFP:LEU2
DLY22764 MATa SPA2–GFP:HIS3, ura3:Ste71–33–NLS–NLS–mCherry:URA3, ste5:PGAL1–STE5–CTM:PADH1–

GAL4BD–hER–VP16:LEU2
DLY22928 MATa/α BEM1–tdTomato:HIS3/BEM1, cdc12–6/CDC12, PTEF1–GFP:LEU2/leu2
DLY23623 MATa BEM1–GFP:LEU2, SST2:hsRGS4–CFP:kanR, ura3: PSST2–hsRGS4–CFP:URA3, bar1ΔURA3
DLY23624 MATa BEM1–GFP:LEU2, STE27XR-GPAAD:URA3, SST2:hsRGS4–CFP:kanR, ura3: PSST2–hsRGS4–CFP:

URA3, bar1ΔURA3

Abbreviations: Bem1, bud emergence 1; Cdc, cell division control; CFP, cyan fluorescent protein; GFP, green

fluorescent protein; GPAAD, GPFAD to GPAAD mutation; hsRGS4, Homo sapiens regulator of G-protein signaling

4; MAT, mating type; NPF, GPFAD to NPFAD mutation; Pgal1, galactose metabolism 1 promoter; RGS, regulator of

G-protein signaling; sf, superfolder; Spa2, spindle pole antigen 2; Sst2, supersensitive 2; Ste, sterile; tdTomato,

tandem dimer tomato; 7XR, 7 lysine-to-arginine mutations.

https://doi.org/10.1371/journal.pbio.3000484.t001
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followed by 198 bp of the STE2 30-UTR. Digestion at the unique ClaI site in STE2 targets inte-

gration of this plasmid to the endogenous STE2 locus, tagging full-length Ste2 with sfGFP at

the C-terminus.

Similar plasmids were used to express Ste27XR-GPAAD–sfGFP (DLB4296) and Ste2NPF–

sfGFP (DLB4297) at the endogenous STE2 locus. Ste2NPF was generated by first amplifying a

fragment of STE2 using primers that introduced a GGA! AAT mutation (G392N substitu-

tion) [52] and cloning the fragment back into STE2.

Ste71-33–NLS–NLS–mCherry was integrated at ura3 using pED45 (pRS306–PRPS2–Ste71–33–
NLS–NLS–mCherry) as described [46].

To compromise ratiometric sensing by Sst2, we replaced the endogenous SST2 with

hsRGS4–CFP using A550 (pRS406–K–hsRGS4–CFP) as described [37]. Because this was insuf-

ficient to restore wild-type pheromone sensitivity in our strain background, PSST2–hsRGS4–

CFP was amplified by PCR and cloned into pRS306 using XbaI to generate DLB4414. Diges-

tion with StuI was then used to target integration of a second copy of hsRGS4–CFP at URA3.

To make the MFα1 reporter, the MFα1 promoter (506 base pairs upstream of the ATG) was

amplified with primers that added ApaI and HindIII sites and cloned upstream of a reporter

protein with the first 28 residues of Psr1 fused to GFP, followed by the ADH1 30-UTR, in a

plasmid with a pRS305 (LEU2) backbone [67]. The Psr11–28–GFP reporter was replaced with

sfGFP, which was cloned from pFA6a–link–yoSuperfolderGFP–KAN (Addgene plasmid

44901). Digestion at the PpuMI in the LEU2 sequence was used to target integration at leu2.

To make the TEF1 reporter, the TEF1 promoter (464 base pairs upstream of the ATG) was

amplified with primers that added BglII and PacI sites and cloned into pFA6a–TRP1–pGAL–

GFP, replacing the GAL promoter upstream of GFP [66]. pGAL–GFP was amplified with

primers that added BglII and NotI sites and cloned into a plasmid with a pRS305 (LEU2) back-

bone [67]. Digestion at the PpuMI in the LEU2 sequence was used to target integration at leu2.

To induce MAPK activation without adding pheromone, we generated a plasmid, DLB4239

(pRS305-STE550UTR–STE530UTR–PADH1–GAL4BD–hER–VP16–PGAL1–STE5–CTM), that can

be used to replace the endogenous STE5 locus with two genes: (i) a hybrid transcription factor

that activates Gal4 target genes in response to estradiol (GAL4BD–hER–VP16) [68], and (ii) a

GAL1 promoter driving expression of a membrane-targeted version of Ste5 (PGAL1–STE5–

CTM) [8]. Addition of estradiol activates the transcription of membrane-targeted Ste5, which

leads to activation of the mating MAPKs. The plasmid has a pRS305 (LEU2) backbone and

contains regions of the STE5 50- and 30-UTRs upstream of the hybrid transcription factor.

DLY4239 was digested with PacI, which cuts between the STE5 50- and 30-UTR regions to

replace endogenous STE5 with the two genes.

Live-cell microscopy

Cells were grown to mid-log phase (OD600� 0.4) overnight at 30˚C in complete synthetic

medium (CSM; MP Biomedicals, LLC, Solon, OH, USA) with 2% dextrose (Macron, Center

Valley, PA, USA). Cultures were diluted to OD600 = 0.1. For mating mixtures, the relevant

strains were mixed 1:1 immediately before mounting on slabs. Cells were mounted on CSM

slabs with 2% dextrose solidified with 2% agarose (Hoefer, Holliston, MA, USA), which were

then sealed with petroleum jelly. For Ste5–CTM MAPK induction, slabs also contained 20 nM

β-estradiol (Sigma-Aldrich, St. Louis, MO, USA). Cells were imaged in a temperature-con-

trolled chamber set to 30˚C.

Images were acquired with an Andor Revolution XD spinning disk confocal microscope

(Andor Technology, Concord, MA, USA) with a CSU-X1 5,000-rpm confocal scanner unit

(Yokogawa, Tokyo, Japan), and a UPLSAPO 100×/1.4 oil-immersion objective (Olympus,
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Tokyo, Japan), controlled by MetaMorph software (Molecular Devices, San Jose, CA, USA).

Images were captured by an iXon3 897 EM-CCD camera with 1.2× auxiliary magnification

(Andor Technology).

For high-resolution images of Ste2–sfGFP, Ste2NPF–sfGFP, and Ste27XR-GPAAD–sfGFP, z-

stacks with 47 planes were acquired at 0.14-μm intervals. The laser power was set to 30% maxi-

mal output, EM gain was set to 200, and the exposure for the 488 nm laser was set to 250 ms.

For all other microscopy, z-stacks with 15 images were acquired at 0.5-μm z-steps every 2 min;

laser power was set to 10% maximal output for the relevant 488-nm, 561-nm, or 445-nm lasers;

EM gain was set to 200; and the exposure time was 200 ms.

All fluorescent images were denoised using the Hybrid 3D Median Filter plugin for ImageJ,

developed by Christopher Philip Mauer and Vytas Bindokas.

Analysis of the timing of cell cycle and mating events

Bud emergence was scored using DIC confocal images. Cytokinesis was recorded as the first

time point when a strong Bem1 signal was visible at the neck. Initial clustering was recorded as

the first time point after cytokinesis when a Bem1 cluster was clearly visible and distinguish-

able from background noise. Polarization commitment was recorded as the time point when

the Bem1 patch reached its final stable location and increased in intensity. If the patch

appeared at the correct location but then transiently moved to a new location before returning,

polarization was recorded as the time point when the patch returned. Fusion was recorded as

the time when cytoplasmic mixing of different color probes became detectable.

Analysis of polarity factor clustering

To quantify the degree of clustering of the polarity probes Spa2–mCherry, Bem1–tdTomato,

and Bem1–GFP, we calculated a “deviation from uniformity” metric from maximum projec-

tions of fluorescent z-stack images. Deviation from uniformity, referred to here as clustering

parameter (CP), compares the cumulative distribution of pixel intensities in an actual cell with

that in a hypothetical cell with the same range of pixel intensities that are uniformly distrib-

uted; i.e., CP measures how different the pixel intensity distribution is from a uniform distri-

bution, which reflects the degree to which the signals are clustered.

An elliptical region of interest (ROI) was drawn around each cell at each time point. Raw

pixel intensities (p) within each ROI were normalized to a minimum of 0 and maximum of 1:

i ¼
p � pmin

pmax � pmin

� �

:

A cumulative distribution (D) of pixel intensities (i) within the cell is then calculated as

Di ¼
ðno:of pixels with intensity < iÞ

ðtotal no:of pixelsÞ
:

For a cell with uniformly distributed pixel intensities, the cumulative distribution (U) is

Ui � i:

500 uniformly spaced i-values from 0 to 1 were indexed in ascending order as n = 1, 2, 3,

. . ., 500. The deviation from uniformity metric (CP) was calculated as

CP ¼ 2 �
P500

n¼1
ðDi � UiÞ:
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CP approaches a maximum of 1 when a small fraction of pixels exhibit near the maximum

intensity while most pixels are clustered near the minimum intensity, as seen in a highly polar-

ized cell. CP is sensitive to the size of the patch and the distribution of intensities within the

patch—a small patch with sharp edges yields a high CP, while a broad patch with graded edges

yields a low CP. As a result, CP is a sensitive indicator of the transition between the indecisive

and committed phases.

CP was measured using a MATLAB (The MathWorks, Natick, MA, USA)-based graphical

user interface called ROI_TOI_QUANT_V8, developed by Denis Tsygankov.

Estimation of diffusion constants using FRAP

Transit of pheromones and pheromone receptors through the secretory pathway is rapid (5–

10 min) [69,70]. In the presence of α-factor, Ste2 is then endocytosed on a 10-min timescale

and delivered to the vacuole for degradation [27–30]. Because GFP maturation occurs on a

30-min timescale [71,72], much of the GFP-tagged receptor at the cell surface is not yet fluo-

rescent. Moreover, the GFP moiety survives intact in the vacuole following receptor degrada-

tion, yielding a high vacuolar fluorescence signal. To resolve these issues, we used a

nonendocytosable version of Ste2, Ste27XR-GPAAD [50,51], and tagged this protein with sfGFP,

which matures on a 6-min timescale [73]. In budding cells, all new secretion is targeted to the

bud [38]. Thus, we avoided fluorescence recovery via delivery of new receptors by bleaching

zones in the mother segment of budded cells.

We performed FRAP with a DeltaVision deconvolution microscope (GE Healthcare Life

Sciences, Chicago, IL, USA) on cells expressing either Ste27XR-GPAAD–sfGFP or a nonendocy-

tosable v-SNARE (suppressor of the null allele of CAP 2 [Snc2]V39A,M42A) tagged with GFP.

We bleached the mother portions of budded cells, avoiding the bud and the distal pole of the

mother to ensure that most of the fluorescence recovery was due to diffusion and not vesicle

trafficking. Bleaching was performed with a 488-nm laser set to 20% power for 200 ms. The

fluorescence intensity in the bleached region was then tracked over time at 15-s intervals for

10 min. The signal in each cell’s bleached region was normalized by dividing it by the total

fluorescence of the mother cell at each time point to account for photobleaching during image

acquisition. The recovery rate constant was then estimated by fitting an exponential function

to the time-series data, and the Soumpasis equation was used to derive the diffusion constant

from the recovery rate constant [74]. Image analysis and other calculations were carried out in

MATLAB 2018b.

Analysis of initial polarity cluster orientation

Initial orientation was measured at the time of initial clustering. For orientation relative to the

partner, we measured the angle between the line from the center of the cell being scored to the

centroid of the initial cluster and a line from the cell center to the closest surface of the nearest

G1 cell of the opposite mating type. For orientation relative to the neck, we measured the angle

between the line from the center of the cell being scored to the centroid of the initial cluster

and a line from the cell center to the center of the previous division site. Angles were grouped

into segments of 30˚ increments.

Analysis of α-factor synthesis through the cell cycle

The PMFα1–sfGFP reporter drives synthesis of sfGFP from the MFα1 promoter. MFα1 is the

major α-factor encoding gene. Average fluorescence intensity of the probe was measured from

maximum projection images within an elliptical ROI drawn around each cell. Intensity values
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were normalized to the value at the end of G1 by dividing by the intensity at the time of bud

emergence (for cells with >1 cell cycle, the first bud emergence was used).

Because sfGFP is a stable protein, its levels do not accurately track synthesis rate. However,

we can estimate the reporter synthesis rate variation using a model that incorporates the

known kinetics of fluorophore maturation and dilution due to volume growth of the cells.

Assuming that cells in G1 (approximately 1/3 of the cell cycle) have a synthesis rate higher

than that of cells in S/G2/M (approximately 2/3 of the cell cycle), we can then extrapolate what

fluorescence timecourse would be observed for a given fold-change in synthesis rate by simu-

lating the following system:

dP
dt
¼ ks tð Þ � kmP � kdP;

dR
dt
¼ kmP � kdR;

ksðtÞ ¼
F; G1 stage of cell cycle

1; S=G2=M stage of cell cycle

(

where F = fold-change in synthesis rate; km = fluorophore maturation rate constant (estimated

at 0.123 min−1 for sfGFP [70]); and kd = dilution rate constant (estimated at 0.007 min−1 for a

100 min doubling time). These parameters govern the dynamics of the reporter R that becomes

fluorescent upon maturation of the nonfluorescent protein P.

Analysis of MAPK activity

MAPK activity was measured using maximum projection fluorescent images of the sensor

Ste7–NLS–NLS–mCherry. As demonstrated in [46], the sensor relocates from the nucleus to

the cytoplasm upon phosphorylation by Fus3 or Kss1, and the cytoplasmic-to-nuclear ratio of

the sensor reflects the MAPK activity. We used the CV of pixel intensities measured from max-

imum projection images to approximate the nuclear-to-cytoplasmic ratio of the probe. The

CV was quite variable from cell to cell, but that variability could be limited by normalization.

To approximate MAPK activity (m), (1) an elliptical ROI was drawn around each cell at each

time point using ROI_TOI_QUANT_V8. (2) CV was measured for each cell for the 60 min

prior to fusion. (3) CV was normalized to 1 at the time point before fusion by dividing all val-

ues by the CV at that time point. (4) Because CV falls as MAPK activity rises, activity was

scored as

mt ¼ 2 �
CVt

CVtime of fusion
:

Analysis of receptor distribution

Membrane distribution of Ste2–sfGFP and Bem1–tdTomato were measured from medial

plane fluorescent images. Using FIJI software, fluorescence intensity was averaged across the

width of a 3-pixel–wide line tracing the membrane of each cell, drawn with the freehand tool.

For comparisons of peak location (Fig 6G), the values for individual linescans were normalized

by subtracting the background fluorescence, dividing by the maximum point in the linescan,

and multiplying by 100 get the %-maximum value. For comparisons of receptor distribution

(Figs 5D and 7B), the values of individual linescans were normalized by subtracting the back-

ground and bringing each trace to an integral of 1. To generate average distributions, splines
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were fit to each Ste2 linescan using the smooth.spline function in R with a 0.75 smoothing fac-

tor. The normalized curves for Ste2 or Bem1 from the previous step were then centered on the

maximum from the Ste2 spline fit and averaged.

Halo assays of pheromone sensitivity

Cells were grown to mid-log phase (OD600� 0.4) at 30˚C overnight in 1% yeast extract, 2%

peptone, 2% dextrose (YEPD). Cultures were diluted to 2.5 × 105 cells/mL, and 5 × 104 cells

were spread on YEPD plates in triplicate using sterile glass beads. Plates were allowed to dry

for several minutes. For cells expressing wild-type Bar1 (Fig 6D), 2 μL of 1 mM, 500 μM, and

100 μM α-factor was spotted in three separate spots on each plate. For bar1Δ cells (Fig 7D and

7E), 2 μL of 30 μM α-factor was spotted in four spots on each plate. Plates were incubated for

48 h at 30˚C, and then images were taken using a Bio-Rad Gel Doc XR+ system (Bio-Rad, Her-

cules, CA, USA). Using FIJI software, circles were fit to the zone of arrest surrounding each α-

factor spot, and the diameter of the circles was measured in pixels.

Immunoblotting

Cell cultures were grown in triplicate overnight to mid-log phase in YEPD. 107 cells were col-

lected by centrifugation, and protein was extracted by TCA precipitation as described [75].

Electrophoresis and western blotting were performed as described [76]. Polyclonal anti-Cdc11

antibodies (sc-7170; Santa Cruz Biotechnology, Dallas, TX, USA) were used at 1:5,000 dilution

and monoclonal mouse anti-GFP antibodies (11814460001; Roche, Basel, Switzerland) were

used at 1:2,000 dilution. Fluorophore-conjugated secondary antibodies against mouse (IRDye

800CW goat anti-mouse IgG, 926–32210; LI-COR, Lincoln, NE, USA) and rabbit (Alexa Fluor

680 goat anti-rabbit IgG, A21076; Invitrogen, Carlsbad, CA, USA) antibodies were used at

1:10,000 dilution. Blots were visualized and quantified with the ODYSSEY imaging system

(LI-COR). All values were normalized to a Cdc11 loading control.

Particle-based simulations of the ratiometric and nonratiometric gradient

sensing

Simulations of the ratiometric and nonratiometric models were performed using the Smoldyn

software (v2.56) on Mac (3.4 GHz Intel processor) and Linux systems (2.50 GHz and 2.30 GHz

Intel processors, Longleaf cluster at UNC Chapel Hill, Chapel Hill, NC, USA) [77,78]. The

main components of the code are publicly available at https://github.com/mikepab/

ratiometric-gpcr-particle-sims. Unless otherwise noted, the simulations were performed using

the following conditions: 1) 10,000 receptor molecules and 2,500 G proteins diffusing as

point particles on a sphere with diameter 5 μm; 2) the G-protein diffusion coefficient was

D = 0.002 μm2/s, and receptors were not allowed to diffuse (but see the section Particle-based

simulations of receptor gradient degradation); and 3) for second-order reactions, the lambda-

rho algorithm, with a fixed reactive radius (ρ = 4 nm) and fixed reaction probability (Pλ = 1

per simulation step), was used to compute rate constants. A reaction probability of 1 results in

diffusion-limited reactions. We also studied reaction-limited versions of our models and

found similar results S3B Fig). The simulation time step was set to 100 ms so that the root

mean-squared displacements were below the reactive radius. The ratiometric models had a

bimolecular G-protein inactivation reaction dependent upon inactive (pheromone-free)

receptor, while the nonratiometric models had a unimolecular G-protein inactivation reaction

that occurred with a single rate constant throughout the cell.
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Establishing receptor density and activity gradients

Receptor density and activity gradients were established prior to performing simulations using

inverse transform sampling. A desired gradient (receptor or activity) was used to produce a

probability distribution as a function of the spatial coordinates. A random number Pi approxi-

mately Unif(0,1) was drawn for each receptor with proposed coordinates (xi, yi, zi), and if Pi<
P(xi, yi, zi), a receptor was placed at the specified location (for density gradients) or was acti-

vated (for activity gradients).

Calibrating G-protein inactivation rates

We determined inactivation rates for the nonratiometric model that produced active G protein

equivalent to the inactivation rates specified for the ratiometric model (S3A Fig). Simulation-

based calibration was used to determine these first-order rates rather than analytic equations

for relating microscopic reaction probabilities and macroscopic rates because such equations

to relate the two quantities can break down on membranes in the diffusion limit [79,80]. For

consistency, the same calibration process was done for the reaction-limited versions of our

simulations.

Particle-based simulations of receptor gradient degradation

Neither the ratiometric nor nonratiometric simulations exhibited noticeable loss in gradient

sensing capability when the receptor diffusion was increased from D = 0 to D = 0.0005 μm2/s

(S4A Fig), leading us to question whether the receptor gradient was actually degraded by diffu-

sion over the 10-min timescale of interest. To test this, we removed the G proteins from the

simulations to reduce computational costs and varied the receptor diffusivity in extended sim-

ulations (2,000 seconds, or >30 min) with a 40% to 60% receptor activity gradient and no den-

sity gradient. The active receptor gradient was measured by linear regression of the number of

molecules detected in 250 nm bins along the direction of the initial gradient (S2B Fig).

Statistical analysis

t Tests were performed in Microsoft Excel via the “t-Test: Two-Sample Assuming Unequal

Variances” function (Figs 6D and 7C–7E). Two-sample Kolmogorov–Smirnov tests were per-

formed using the Real Statistics Resource Pack software (Release 5.4, developed by Charles

Zaiontz) Add-in for Microsoft Excel (Figs 2C, 4A–4C, 6E, 6F, 7F, 7G, 8C and 8D). p-Values

over 0.05 were reported as “not significant,” and p-values under 0.05 were reported as

“p< 0.05.” n-values represent biological replicates except where otherwise specified. For all

live-cell microscopy experiments, n-values represent the number of individual cells analyzed.

Supporting information

S1 Fig. MAPK sensor activity metric. Cells harboring Ste71–33–NLS–NLS–mCherry were

imaged for 150 min with 2-min resolution. (A) CV of Ste71–33–NLS–NLS–mCherry, measured

from maximum projection images in an ROI encompassing the full cell. Time was normalized

to “% cell cycle,” with the first cytokinesis for each cell aligned at 0, and the second cytokinesis

aligned at 100. (B) Maximum (blue) and minimum (orange) CV versus mean fluorescence

intensity for each cell in (A). Mean fluorescence intensity was measured in the same ROI as

the CV and averaged across all time points for each cell. (C) Ste71–33–NLS–NLS–mCherry CV

measured as in (A) for mating cells. For each cell, fusion was designated as 0 min, and the

timeline extends back 60 min. (D) MAPK activity metric plotted for the same cells shown in

(C). For each cell, the CV at time point before fusion was normalized to 1. Normalized CV
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values were then subtracted from 2 to generate a MAPK activity metric that rises to a value of

1 just before fusion. Strains: DLY22259 (A–D). CV, coefficient of variation; MAPK, mitogen-

activated protein kinase; NLS, nuclear localization sequence; ROI, region of interest; Ste, ster-

ile.

(TIF)

S2 Fig. Effects of receptor diffusion in particle simulations. (A) Snapshots of the active

receptor gradient at t = 0 (black) and 2,000 s (red) for different values of the diffusion coeffi-

cient. Each curve represents a histogram with 250 nm bins derived from a single simulation.

(B) Decay of the active receptor gradient as measured by the slopes of linear regressions fitted

to the data in (A). The results show the mean of 10 realizations ± 1 SD for the four diffusion

coefficients tested. Code and key data are available at https://github.com/mikepab/ratiometric-

gpcr-particle-sims.

(TIF)

S3 Fig. Calibration of G-protein inactivation rates for model comparison, and effect of dif-

fusion-limited versus reaction-limited regimes. (A) G-protein inactivation rate constant cali-

bration, relating the nonratiometric and ratiometric models. The results shown are for the

mean of 10 simulations for each condition, and the error bars represent ± 1 SD. Changing the

number of receptor molecules (N) requires recalibration of the inactivation rate in the nonra-

tiometric model. (B) Effect of decreasing the reaction rates to a reaction-limited regime (Pλ =

0.0001 per time step). The corresponding nonratiometric G-protein inactivation rate was

k = 0.0031 s−1. The results shown are for 50 realizations of each model. Although it now takes

longer for simulations to reach steady state, once at steady state, the G-protein distributions

are similar to those in the diffusion-limited scenario. Code and key data are available at

https://github.com/mikepab/ratiometric-gpcr-particle-sims.

(TIF)

S4 Fig. Robustness of simulation results to varying receptor abundance and diffusion. (A)

Accuracy of G-protein activity gradients for the nonratiometric (blue) and ratiometric

(orange) models with uniform receptor density, as in Fig 8E but allowing receptor diffusion at

D = 0.0005 μm2/s. Left: illustrative simulation with measurements every 10 seconds. Right:

Variability in orientation angle from 10 simulations of each model, at t = 100 s and 600 s snap-

shots (SD). (B) Effect of decreasing receptor abundance. Variability in orientation angle from

50 simulations of each condition. Code and key data are available at https://github.com/

mikepab/ratiometric-gpcr-particle-sims.

(TIF)

S5 Fig. Ste2–sfGFP abundance. Uncropped western blot used to generate Fig 7C. α-GFP anti-

bodies (green) label two bands—full-length Ste2–sfGFP and vacuolar sfGFP (note absence of

vacuole signal for Ste27XR-GPAAD). α-Cdc11 antibodies (red) label Cdc11 (loading control).

Cdc, cell division control; GFP, green fluorescent protein; sf, superfolder; Ste, sterile.

(TIF)

S1 Video. Bem1 polarization in a mating mixture. Cells harboring Bem1-GFP (MATα) and

Bem1-tdTomato (MATa) were mixed on an agarose slab and immediately imaged. (Left) False

color movie of maximum projection fluorescent images of Bem1-GFP (green) and Bem1-td-

Tomato (magenta) in a typical mating mixture. (Right) The same movie in inverted grayscale,

with labels for budding cells (red dots), G1 phase α cells (green dots), G1 phase a cells (teal

dots), and zygotes (circled in blue). 118 min with 2-min interval between frames. Strains:

DLY12943, DLY7593. Bem1, bud emergence 1; GFP, green fluorescent protein; MAT, mating
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type; tdTomato, tandem dimer tomato.

(AVI)

S2 Video. Bem1 and Spa2 polarization in mating cells. MATa cells harboring both

Bem1-GFP and Spa2-mCherry were mixed with wild-type MATα cells and immediately

imaged. (Top) Maximum projection fluorescent images of Bem1-GFP polarization in three

example cells from cytokinesis (frame 1) through fusion with a mating partner. (Bottom)

Spa2-mCherry polarization in the same three cells. 100 min with 2-min interval between

frames. Strains: DLY21379. Bem1, bud emergence 1; GFP, green fluorescent protein; MAT,

mating type; Spa2, spindle pole antigen 2.

(AVI)

S3 Video. MAPK sensor in cycling cells. The nuclear-to-cytoplasmic ratio of the MAPK sen-

sor fluctuates through the cell cycle, rising during cytokinesis, and falling during bud growth.

Fluorescent images of a field of cells harboring Ste71–33–NLS–NLS–mCherry. 150 min with

2-min interval between frames. Strains: DLY22259. MAPK, mitogen-activated protein kinase;

NLS, nuclear localization sequence; Ste, sterile.

(AVI)

S4 Video. MAPK sensor in mating cells. MAPK activity rises (i.e., nuclear-to-cytoplasmic

ratio of the MAPK sensor falls) as cells prepare to mate. Fluorescent images of three mating

type a cells harboring Ste71–33–NLS–NLS–mCherry, mating with wild-type mating type α
cells. 80 min with 2-min interval between frames. Fusion occurs in the final frame for all mat-

ing pairs. Strains: DLY22259. MAPK, mitogen-activated protein kinase; NLS, nuclear localiza-

tion sequence; Ste, sterile.

(AVI)

S1 Text. Simple mathematical model of G-protein activity.

(PDF)

S1 Data. All data used to generate figs.

(XLSX)

Acknowledgments

We thank Serge Pelet (UNIL, Switzerland), Alejandro Colman-Lerner (University of Buenos

Aires, Argentina), and Patrick Ferree (Duke University) for providing plasmid reagents.

Thanks to Stefano Di Talia and Amy Gladfelter, as well as members of the Lew lab, for stimu-

lating conversations and comments on the manuscript.

Author Contributions

Conceptualization: Nicholas T. Henderson, Michael Pablo, Debraj Ghose, Manuella R. Clark-

Cotton, Timothy C. Elston, Daniel J. Lew.

Data curation: Nicholas T. Henderson.

Formal analysis: Nicholas T. Henderson, James Nolen.

Funding acquisition: Timothy C. Elston, Daniel J. Lew.

Investigation: Nicholas T. Henderson, Michael Pablo, Debraj Ghose, Manuella R. Clark-

Cotton.

Methodology: Nicholas T. Henderson, Debraj Ghose, Trevin R. Zyla, Timothy C. Elston.

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 30 / 35

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000484.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000484.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000484.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000484.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000484.s011
https://doi.org/10.1371/journal.pbio.3000484


Project administration: Daniel J. Lew.

Resources: Trevin R. Zyla, Daniel J. Lew.

Software: Michael Pablo.

Supervision: Timothy C. Elston, Daniel J. Lew.

Writing – original draft: Nicholas T. Henderson.

Writing – review & editing: Nicholas T. Henderson, Michael Pablo, Debraj Ghose, Manuella

R. Clark-Cotton, James Nolen, Timothy C. Elston, Daniel J. Lew.

References
1. Alvarez L, Friedrich BM, Gompper G, Kaupp UB. The computational sperm cell. Trends Cell Biol. 2014;

24(3):198–207. https://doi.org/10.1016/j.tcb.2013.10.004 PMID: 24342435.

2. Swaney KF, Huang CH, Devreotes PN. Eukaryotic Chemotaxis: A Network of Signaling Pathways Con-

trols Motility, Directional Sensing, and Polarity. Annu Rev Biophys. 2010; 39:265–89. https://doi.org/10.

1146/annurev.biophys.093008.131228 PMID: 20192768; PubMed Central PMCID: PMC4364543.

3. von Philipsborn A, Bastmeyer M. Mechanisms of gradient detection: a comparison of axon pathfinding

with eukaryotic cell migration. Int Rev Cytol. 2007; 263:1–62. https://doi.org/10.1016/S0074-7696(07)

63001-0 PMID: 17725964.

4. Insall R. The interaction between pseudopods and extracellular signalling during chemotaxis and

directed migration. Curr Opin Cell Biol. 2013; 25(5):526–31. https://doi.org/10.1016/j.ceb.2013.04.009

PMID: 23747069.

5. Wang Y, Dohlman HG. Pheromone signaling mechanisms in yeast: a prototypical sex machine. Sci-

ence. 2004; 306(5701):1508–9. https://doi.org/10.1126/science.1104568 PMID: 15567849.

6. Nern A, Arkowitz RA. A Cdc24p-Far1p-Gbetagamma protein complex required for yeast orientation dur-

ing mating. J Cell Biol. 1999; 144(6):1187–202. https://doi.org/10.1083/jcb.144.6.1187 PMID:

10087263; PubMed Central PMCID: PMC2150586.

7. Butty AC, Pryciak PM, Huang LS, Herskowitz I, Peter M. The role of Far1p in linking the heterotrimeric

G protein to polarity establishment proteins during yeast mating. Science. 1998; 282(5393):1511–6.

https://doi.org/10.1126/science.282.5393.1511 PMID: 9822386.

8. Pryciak PM, Huntress FA. Membrane recruitment of the kinase cascade scaffold protein Ste5 by the

Gbetagamma complex underlies activation of the yeast pheromone response pathway. Genes Dev.

1998; 12(17):2684–97. https://doi.org/10.1101/gad.12.17.2684 PMID: 9732267; PubMed Central

PMCID: PMC317142.

9. Bi E, Park HO. Cell polarization and cytokinesis in budding yeast. Genetics. 2012; 191(2):347–87.

https://doi.org/10.1534/genetics.111.132886 PMID: 22701052; PubMed Central PMCID:

PMC3374305.

10. Nern A, Arkowitz RA. A GTP-exchange factor required for cell orientation. Nature. 1998; 391

(6663):195–8. https://doi.org/10.1038/34458 PMID: 9428768.

11. Chen H, Kuo CC, Kang H, Howell AS, Zyla TR, Jin M, et al. Cdc42p regulation of the yeast formin Bni1p

mediated by the effector Gic2p. Mol Biol Cell. 2012; 23(19):3814–26. https://doi.org/10.1091/mbc.E12-

05-0400 PMID: 22918946; PubMed Central PMCID: PMC3459858.

12. Liu W, Santiago-Tirado FH, Bretscher A. Yeast formin Bni1p has multiple localization regions that func-

tion in polarized growth and spindle orientation. Mol Biol Cell. 2012; 23(3):412–22. Epub 2011 Dec 7.

https://doi.org/10.1091/mbc.E11-07-0631 PMID: 22160598; PubMed Central PMCID: PMC3268721.

13. Pruyne D, Bretscher A. Polarization of cell growth in yeast. I. Establishment and maintenance of polarity

states. J Cell Sci. 2000; 113(Pt 3):365–75. PMID: 10639324.

14. Evangelista M, Blundell K, Longtine MS, Chow CJ, Adames N, Pringle JR, et al. Bni1p, a yeast formin

linking cdc42p and the actin cytoskeleton during polarized morphogenesis. Science. 1997; 276

(5309):118–22. https://doi.org/10.1126/science.276.5309.118 PMID: 9082982.

15. Johnson JM, Jin M, Lew DJ. Symmetry breaking and the establishment of cell polarity in budding yeast.

Curr Opin Genet Dev. 2011; 21(6):740–6. https://doi.org/10.1016/j.gde.2011.09.007 PMID: 21955794;

PubMed Central PMCID: PMC3224179.

16. Zheng Y, Cerione R, Bender A. Control of the yeast bud-site assembly GTPase Cdc42. Catalysis of

guanine nucleotide exchange by Cdc24 and stimulation of GTPase activity by Bem3. J Biol Chem.

1994; 269(4):2369–72. PMID: 8300560.

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 31 / 35

https://doi.org/10.1016/j.tcb.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24342435
https://doi.org/10.1146/annurev.biophys.093008.131228
https://doi.org/10.1146/annurev.biophys.093008.131228
http://www.ncbi.nlm.nih.gov/pubmed/20192768
https://doi.org/10.1016/S0074-7696(07)63001-0
https://doi.org/10.1016/S0074-7696(07)63001-0
http://www.ncbi.nlm.nih.gov/pubmed/17725964
https://doi.org/10.1016/j.ceb.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23747069
https://doi.org/10.1126/science.1104568
http://www.ncbi.nlm.nih.gov/pubmed/15567849
https://doi.org/10.1083/jcb.144.6.1187
http://www.ncbi.nlm.nih.gov/pubmed/10087263
https://doi.org/10.1126/science.282.5393.1511
http://www.ncbi.nlm.nih.gov/pubmed/9822386
https://doi.org/10.1101/gad.12.17.2684
http://www.ncbi.nlm.nih.gov/pubmed/9732267
https://doi.org/10.1534/genetics.111.132886
http://www.ncbi.nlm.nih.gov/pubmed/22701052
https://doi.org/10.1038/34458
http://www.ncbi.nlm.nih.gov/pubmed/9428768
https://doi.org/10.1091/mbc.E12-05-0400
https://doi.org/10.1091/mbc.E12-05-0400
http://www.ncbi.nlm.nih.gov/pubmed/22918946
https://doi.org/10.1091/mbc.E11-07-0631
http://www.ncbi.nlm.nih.gov/pubmed/22160598
http://www.ncbi.nlm.nih.gov/pubmed/10639324
https://doi.org/10.1126/science.276.5309.118
http://www.ncbi.nlm.nih.gov/pubmed/9082982
https://doi.org/10.1016/j.gde.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21955794
http://www.ncbi.nlm.nih.gov/pubmed/8300560
https://doi.org/10.1371/journal.pbio.3000484


17. Kozubowski L, Saito K, Johnson JM, Howell AS, Zyla TR, Lew DJ. Symmetry-breaking polarization

driven by a Cdc42p GEF-PAK complex. Curr Biol. 2008; 18(22):1719–26. https://doi.org/10.1016/j.cub.

2008.09.060 PMID: 19013066; PubMed Central PMCID: PMC2803100.

18. Wiget P, Shimada Y, Butty AC, Bi E, Peter M. Site-specific regulation of the GEF Cdc24p by the scaffold

protein Far1p during yeast mating. EMBO J. 2004; 23(5):1063–74. https://doi.org/10.1038/sj.emboj.

7600123 PMID: 14988725; PubMed Central PMCID: PMC380978.

19. Arkowitz RA. Chemical gradients and chemotropism in yeast. Cold Spring Harb Perspect Biol. 2009; 1

(2):a001958. https://doi.org/10.1101/cshperspect.a001958 PMID: 20066086; PubMed Central PMCID:

PMC2742094.

20. Berg HC, Purcell EM. Physics of chemoreception. Biophys J. 1977; 20(2):193–219. https://doi.org/10.

1016/S0006-3495(77)85544-6 PMID: 911982; PubMed Central PMCID: PMC1473391.

21. Lakhani V, Elston TC. Testing the limits of gradient sensing. PLoS Comput Biol. 2017; 13(2):e1005386.

https://doi.org/10.1371/journal.pcbi.1005386 PMID: 28207738; PubMed Central PMCID:

PMC5347372.

22. Moore TI, Chou CS, Nie Q, Jeon NL, Yi TM. Robust spatial sensing of mating pheromone gradients by

yeast cells. PLoS ONE. 2008; 3(12):e3865. https://doi.org/10.1371/journal.pone.0003865 PMID:

19052645; PubMed Central PMCID: PMC2586657.

23. Segall JE. Polarization of yeast cells in spatial gradients of alpha mating factor. Proc Natl Acad Sci U S

A. 1993; 90(18):8332–6. https://doi.org/10.1073/pnas.90.18.8332 PMID: 8397402; PubMed Central

PMCID: PMC47350.

24. Dyer JM, Savage NS, Jin M, Zyla TR, Elston TC, Lew DJ. Tracking shallow chemical gradients by actin-

driven wandering of the polarization site. Curr Biol. 2013; 23(1):32–41. https://doi.org/10.1016/j.cub.

2012.11.014 PMID: 23200992; PubMed Central PMCID: PMC3543483.

25. Savage NS, Layton AT, Lew DJ. Mechanistic mathematical model of polarity in yeast. Mol Biol Cell.

2012; 23(10):1998–2013. https://doi.org/10.1091/mbc.E11-10-0837 PMID: 22438587; PubMed Central

PMCID: PMC3350562.

26. McClure AW, Minakova M, Dyer JM, Zyla TR, Elston TC, Lew DJ. Role of Polarized G Protein Signaling

in Tracking Pheromone Gradients. Dev Cell. 2015; 35(4):471–82. https://doi.org/10.1016/j.devcel.2015.

10.024 PMID: 26609960; PubMed Central PMCID: PMC4661441.

27. Hicke L, Riezman H. Ubiquitination of a yeast plasma membrane receptor signals its ligand-stimulated

endocytosis. Cell. 1996; 84(2):277–87. https://doi.org/10.1016/s0092-8674(00)80982-4 PMID:

8565073.

28. Hicke L, Zanolari B, Riezman H. Cytoplasmic tail phosphorylation of the alpha-factor receptor is

required for its ubiquitination and internalization. J Cell Biol. 1998; 141(2):349–58. https://doi.org/10.

1083/jcb.141.2.349 PMID: 9548714; PubMed Central PMCID: PMC2148449.

29. Jenness DD, Spatrick P. Down regulation of the alpha-factor pheromone receptor in S. cerevisiae. Cell.

1986; 46(3):345–53. https://doi.org/10.1016/0092-8674(86)90655-0 PMID: 3015412.

30. Schandel KA, Jenness DD. Direct evidence for ligand-induced internalization of the yeast alpha-factor

pheromone receptor. Mol Cell Biol. 1994; 14(11):7245–55. https://doi.org/10.1128/mcb.14.11.7245

PMID: 7935439; PubMed Central PMCID: PMC359259.

31. Suchkov DV, DeFlorio R, Draper E, Ismael A, Sukumar M, Arkowitz R, et al. Polarization of the yeast

pheromone receptor requires its internalization but not actin-dependent secretion. Mol Biol Cell. 2010;

21(10):1737–52. https://doi.org/10.1091/mbc.E09-08-0706 PMID: 20335504; PubMed Central PMCID:

PMC2869379.

32. Ayscough KR, Drubin DG. A role for the yeast actin cytoskeleton in pheromone receptor clustering and

signalling. Curr Biol. 1998; 8(16):927–30. https://doi.org/10.1016/s0960-9822(07)00374-0 PMID:

9707405.

33. Hegemann B, Peter M. Local sampling paints a global picture: Local concentration measurements

sense direction in complex chemical gradients. Bioessays. 2017; 39(7): 1600134. https://doi.org/10.

1002/bies.201600134 PMID: 28556309.

34. Merlini L, Khalili B, Bendezu FO, Hurwitz D, Vincenzetti V, Vavylonis D, et al. Local Pheromone Release

from Dynamic Polarity Sites Underlies Cell-Cell Pairing during Yeast Mating. Curr Biol. 2016; 26

(8):1117–25. https://doi.org/10.1016/j.cub.2016.02.064 PMID: 27020743; PubMed Central PMCID:

PMC4846541.

35. Bendezu FO, Martin SG. Cdc42 explores the cell periphery for mate selection in fission yeast. Curr Biol.

2013; 23(1):42–7. https://doi.org/10.1016/j.cub.2012.10.042 PMID: 23200991.

36. Hegemann B, Unger M, Lee SS, Stoffel-Studer I, van den Heuvel J, Pelet S, et al. A Cellular System for

Spatial Signal Decoding in Chemical Gradients. Dev Cell. 2015; 35(4):458–70. https://doi.org/10.1016/j.

devcel.2015.10.013 PMID: 26585298.

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 32 / 35

https://doi.org/10.1016/j.cub.2008.09.060
https://doi.org/10.1016/j.cub.2008.09.060
http://www.ncbi.nlm.nih.gov/pubmed/19013066
https://doi.org/10.1038/sj.emboj.7600123
https://doi.org/10.1038/sj.emboj.7600123
http://www.ncbi.nlm.nih.gov/pubmed/14988725
https://doi.org/10.1101/cshperspect.a001958
http://www.ncbi.nlm.nih.gov/pubmed/20066086
https://doi.org/10.1016/S0006-3495(77)85544-6
https://doi.org/10.1016/S0006-3495(77)85544-6
http://www.ncbi.nlm.nih.gov/pubmed/911982
https://doi.org/10.1371/journal.pcbi.1005386
http://www.ncbi.nlm.nih.gov/pubmed/28207738
https://doi.org/10.1371/journal.pone.0003865
http://www.ncbi.nlm.nih.gov/pubmed/19052645
https://doi.org/10.1073/pnas.90.18.8332
http://www.ncbi.nlm.nih.gov/pubmed/8397402
https://doi.org/10.1016/j.cub.2012.11.014
https://doi.org/10.1016/j.cub.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23200992
https://doi.org/10.1091/mbc.E11-10-0837
http://www.ncbi.nlm.nih.gov/pubmed/22438587
https://doi.org/10.1016/j.devcel.2015.10.024
https://doi.org/10.1016/j.devcel.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26609960
https://doi.org/10.1016/s0092-8674(00)80982-4
http://www.ncbi.nlm.nih.gov/pubmed/8565073
https://doi.org/10.1083/jcb.141.2.349
https://doi.org/10.1083/jcb.141.2.349
http://www.ncbi.nlm.nih.gov/pubmed/9548714
https://doi.org/10.1016/0092-8674(86)90655-0
http://www.ncbi.nlm.nih.gov/pubmed/3015412
https://doi.org/10.1128/mcb.14.11.7245
http://www.ncbi.nlm.nih.gov/pubmed/7935439
https://doi.org/10.1091/mbc.E09-08-0706
http://www.ncbi.nlm.nih.gov/pubmed/20335504
https://doi.org/10.1016/s0960-9822(07)00374-0
http://www.ncbi.nlm.nih.gov/pubmed/9707405
https://doi.org/10.1002/bies.201600134
https://doi.org/10.1002/bies.201600134
http://www.ncbi.nlm.nih.gov/pubmed/28556309
https://doi.org/10.1016/j.cub.2016.02.064
http://www.ncbi.nlm.nih.gov/pubmed/27020743
https://doi.org/10.1016/j.cub.2012.10.042
http://www.ncbi.nlm.nih.gov/pubmed/23200991
https://doi.org/10.1016/j.devcel.2015.10.013
https://doi.org/10.1016/j.devcel.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26585298
https://doi.org/10.1371/journal.pbio.3000484


37. Bush A, Vasen G, Constantinou A, Dunayevich P, Patop IL, Blaustein M, et al. Yeast GPCR signaling

reflects the fraction of occupied receptors, not the number. Mol Syst Biol. 2016; 12(12): 898. https://doi.

org/10.15252/msb.20166910 PMID: 28034910.

38. Pruyne D, Legesse-Miller A, Gao L, Dong Y, Bretscher A. Mechanisms of polarized growth and organ-

elle segregation in yeast. Annu Rev Cell Dev Biol. 2004; 20:559–91. https://doi.org/10.1146/annurev.

cellbio.20.010403.103108 PMID: 15473852.

39. Fujiwara T, Tanaka K, Mino A, Kikyo M, Takahashi K, Shimizu K, et al. Rho1p-Bni1p-Spa2p interac-

tions: implication in localization of Bni1p at the bud site and regulation of the actin cytoskeleton in Sac-

charomyces cerevisiae. Mol Biol Cell. 1998; 9(5):1221–33. https://doi.org/10.1091/mbc.9.5.1221 PMID:

9571251; PubMed Central PMCID: PMC25343.

40. Sheu YJ, Santos B, Fortin N, Costigan C, Snyder M. Spa2p interacts with cell polarity proteins and sig-

naling components involved in yeast cell morphogenesis. Mol Cell Biol. 1998; 18(7):4053–69. Epub

1998/06/25. https://doi.org/10.1128/mcb.18.7.4053 PMID: 9632790; PubMed Central PMCID:

PMC108990.

41. Achstetter T. Regulation of alpha-factor production in Saccharomyces cerevisiae: a-factor pheromone-

induced expression of the MF alpha 1 and STE13 genes. Mol Cell Biol. 1989; 9(10):4507–14. https://

doi.org/10.1128/mcb.9.10.4507 PMID: 2685554; PubMed Central PMCID: PMC362535.

42. Singh A, Chen EY, Lugovoy JM, Chang CN, Hitzeman RA, Seeburg PH. Saccharomyces cerevisiae

contains two discrete genes coding for the alpha-factor pheromone. Nucleic Acids Res. 1983; 11

(12):4049–63. https://doi.org/10.1093/nar/11.12.4049 PMID: 6306574; PubMed Central PMCID:

PMC326024.

43. Moore SA. Comparison of dose-response curves for alpha factor-induced cell division arrest, agglutina-

tion, and projection formation of yeast cells. Implication for the mechanism of alpha factor action. J Biol

Chem. 1983; 258(22):13849–56. PMID: 6358212.

44. Conlon P, Gelin-Licht R, Ganesan A, Zhang J, Levchenko A. Single-cell dynamics and variability of

MAPK activity in a yeast differentiation pathway. Proc Natl Acad Sci U S A. 2016; 113(40):E5896–e905.

https://doi.org/10.1073/pnas.1610081113 PMID: 27651485; PubMed Central PMCID: PMC5056058.

45. Strickfaden SC, Pryciak PM. Distinct roles for two Galpha-Gbeta interfaces in cell polarity control by a

yeast heterotrimeric G protein. Mol Biol Cell. 2008; 19(1):181–97. https://doi.org/10.1091/mbc.E07-04-

0385 PMID: 17978098; PubMed Central PMCID: PMC2174166.

46. Durandau E, Aymoz D, Pelet S. Dynamic single cell measurements of kinase activity by synthetic

kinase activity relocation sensors. BMC Biol. 2015; 13:55. https://doi.org/10.1186/s12915-015-0163-z

PMID: 26231587; PubMed Central PMCID: PMC4521377.

47. Ismael A, Stone DE. Yeast chemotropism: A paradigm shift in chemical gradient sensing. Cell Logist.

2017; 7(2):e1314237. https://doi.org/10.1080/21592799.2017.1314237 PMID: 28702274; PubMed

Central PMCID: PMC5501219.

48. Ismael A, Tian W, Waszczak N, Wang X, Cao Y, Suchkov D, et al. Gbeta promotes pheromone receptor

polarization and yeast chemotropism by inhibiting receptor phosphorylation. Sci Signal. 2016; 9(423):

ra38. https://doi.org/10.1126/scisignal.aad4376 PMID: 27072657; PubMed Central PMCID:

PMC4908976.

49. Valdez-Taubas J, Pelham HR. Slow diffusion of proteins in the yeast plasma membrane allows polarity

to be maintained by endocytic cycling. Curr Biol. 2003; 13(18):1636–40. https://doi.org/10.1016/j.cub.

2003.09.001 PMID: 13678596.

50. Ballon DR, Flanary PL, Gladue DP, Konopka JB, Dohlman HG, Thorner J. DEP-domain-mediated regu-

lation of GPCR signaling responses. Cell. 2006; 126(6):1079–93. https://doi.org/10.1016/j.cell.2006.07.

030 PMID: 16990133.

51. Terrell J, Shih S, Dunn R, Hicke L. A function for monoubiquitination in the internalization of a G protein-

coupled receptor. Mol Cell. 1998; 1(2):193–202. https://doi.org/10.1016/s1097-2765(00)80020-9 PMID:

9659916.

52. Tan PK, Howard JP, Payne GS. The sequence NPFXD defines a new class of endocytosis signal in

Saccharomyces cerevisiae. J Cell Biol. 1996; 135(6 Pt 2):1789–800. https://doi.org/10.1083/jcb.135.6.

1789 PMID: 8991091; PubMed Central PMCID: PMC2133951.

53. Chiou J, Balasubramanian MK, Lew DJ. Cell Polarity in Yeast. Annu Rev Cell Dev Biol. 2017; 33:77–

101. https://doi.org/10.1146/annurev-cellbio-100616-060856 PMID: 28783960; PubMed Central

PMCID: PMC5944360.

54. Chou CS, Nie Q, Yi TM. Modeling robustness tradeoffs in yeast cell polarization induced by spatial gra-

dients. PLoS ONE. 2008; 3(9):e3103. https://doi.org/10.1371/journal.pone.0003103 PMID: 21267054;

PubMed Central PMCID: PMC3021495.

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 33 / 35

https://doi.org/10.15252/msb.20166910
https://doi.org/10.15252/msb.20166910
http://www.ncbi.nlm.nih.gov/pubmed/28034910
https://doi.org/10.1146/annurev.cellbio.20.010403.103108
https://doi.org/10.1146/annurev.cellbio.20.010403.103108
http://www.ncbi.nlm.nih.gov/pubmed/15473852
https://doi.org/10.1091/mbc.9.5.1221
http://www.ncbi.nlm.nih.gov/pubmed/9571251
https://doi.org/10.1128/mcb.18.7.4053
http://www.ncbi.nlm.nih.gov/pubmed/9632790
https://doi.org/10.1128/mcb.9.10.4507
https://doi.org/10.1128/mcb.9.10.4507
http://www.ncbi.nlm.nih.gov/pubmed/2685554
https://doi.org/10.1093/nar/11.12.4049
http://www.ncbi.nlm.nih.gov/pubmed/6306574
http://www.ncbi.nlm.nih.gov/pubmed/6358212
https://doi.org/10.1073/pnas.1610081113
http://www.ncbi.nlm.nih.gov/pubmed/27651485
https://doi.org/10.1091/mbc.E07-04-0385
https://doi.org/10.1091/mbc.E07-04-0385
http://www.ncbi.nlm.nih.gov/pubmed/17978098
https://doi.org/10.1186/s12915-015-0163-z
http://www.ncbi.nlm.nih.gov/pubmed/26231587
https://doi.org/10.1080/21592799.2017.1314237
http://www.ncbi.nlm.nih.gov/pubmed/28702274
https://doi.org/10.1126/scisignal.aad4376
http://www.ncbi.nlm.nih.gov/pubmed/27072657
https://doi.org/10.1016/j.cub.2003.09.001
https://doi.org/10.1016/j.cub.2003.09.001
http://www.ncbi.nlm.nih.gov/pubmed/13678596
https://doi.org/10.1016/j.cell.2006.07.030
https://doi.org/10.1016/j.cell.2006.07.030
http://www.ncbi.nlm.nih.gov/pubmed/16990133
https://doi.org/10.1016/s1097-2765(00)80020-9
http://www.ncbi.nlm.nih.gov/pubmed/9659916
https://doi.org/10.1083/jcb.135.6.1789
https://doi.org/10.1083/jcb.135.6.1789
http://www.ncbi.nlm.nih.gov/pubmed/8991091
https://doi.org/10.1146/annurev-cellbio-100616-060856
http://www.ncbi.nlm.nih.gov/pubmed/28783960
https://doi.org/10.1371/journal.pone.0003103
http://www.ncbi.nlm.nih.gov/pubmed/21267054
https://doi.org/10.1371/journal.pbio.3000484


55. Bajaj A, Celic A, Ding FX, Naider F, Becker JM, Dumont ME. A fluorescent alpha-factor analogue exhib-

its multiple steps on binding to its G protein coupled receptor in yeast. Biochemistry. 2004; 43

(42):13564–78. https://doi.org/10.1021/bi0494018 PMID: 15491163.

56. Raths SK, Naider F, Becker JM. Peptide analogues compete with the binding of alpha-factor to its

receptor in Saccharomyces cerevisiae. J Biol Chem. 1988; 263(33):17333–41. PMID: 2846561.

57. Jenness DD, Burkholder AC, Hartwell LH. Binding of alpha-factor pheromone to Saccharomyces cere-

visiae a cells: dissociation constant and number of binding sites. Mol Cell Biol. 1986; 6(1):318–20.

https://doi.org/10.1128/mcb.6.1.318 PMID: 3023832; PubMed Central PMCID: PMC367513.

58. Ventura AC, Bush A, Vasen G, Goldı́n MA, Burkinshaw B, Bhattacharjee N, et al. Utilization of extracel-

lular information before ligand-receptor binding reaches equilibrium expands and shifts the input

dynamic range. Proc Natl Acad Sci U S A. 2014; 111(37):E3860–9. https://doi.org/10.1073/pnas.

1322761111 PMID: 25172920.

59. Neitzel KL, Hepler JR. Cellular mechanisms that determine selective RGS protein regulation of G pro-

tein-coupled receptor signaling. Semin Cell Dev Biol. 2006; 17(3):383–9. Epub 2006/05/02. https://doi.

org/10.1016/j.semcdb.2006.03.002 PMID: 16647283.

60. Georgoussi Z, Leontiadis L, Mazarakou G, Merkouris M, Hyde K, Hamm H. Selective interactions

between G protein subunits and RGS4 with the C-terminal domains of the mu- and delta-opioid recep-

tors regulate opioid receptor signaling. Cell Signal. 2006; 18(6):771–82. Epub 2005 Aug 24. https://doi.

org/10.1016/j.cellsig.2005.07.003 PMID: 16120478.

61. Ghil S, McCoy KL, Hepler JR. Regulator of G protein signaling 2 (RGS2) and RGS4 form distinct G pro-

tein-dependent complexes with protease activated-receptor 1 (PAR1) in live cells. PLoS ONE. 2014; 9

(4):e95355. https://doi.org/10.1371/journal.pone.0095355 PMID: 24743392; PubMed Central PMCID:

PMC3990635.

62. Snow BE, Hall RA, Krumins AM, Brothers GM, Bouchard D, Brothers CA, et al. GTPase activating spec-

ificity of RGS12 and binding specificity of an alternatively spliced PDZ (PSD-95/Dlg/ZO-1) domain. J

Biol Chem. 1998; 273(28):17749–55. Epub 1998/07/04. https://doi.org/10.1074/jbc.273.28.17749

PMID: 9651375.

63. Aymoz D, Sole C, Pierre JJ, Schmitt M, de Nadal E, Posas F, et al. Timing of gene expression in a cell-

fate decision system. Mol Syst Biol. 2018; 14(4):e8024. https://doi.org/10.15252/msb.20178024 PMID:

29695607; PubMed Central PMCID: PMC5916086.

64. Bi E, Pringle JR. ZDS1 and ZDS2, genes whose products may regulate Cdc42p in Saccharomyces cer-

evisiae. Mol Cell Biol. 1996; 16(10):5264–75. https://doi.org/10.1128/mcb.16.10.5264 PMID: 8816439;

PubMed Central PMCID: PMC231526.

65. Howell AS, Jin M, Wu CF, Zyla TR, Elston TC, Lew DJ. Negative feedback enhances robustness in the

yeast polarity establishment circuit. Cell. 2012; 149(2):322–33. https://doi.org/10.1016/j.cell.2012.03.

012 PMID: 22500799; PubMed Central PMCID: PMC3680131.

66. Longtine MS, McKenzie A, 3rd, Demarini DJ, Shah NG, Wach A, Brachat A, et al. Additional modules

for versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevisiae.

Yeast. 1998; 14(10):953–61. https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-

YEA293>3.0.CO;2-U PMID: 9717241.

67. Sikorski RS, Hieter P. A system of shuttle vectors and yeast host strains designed for efficient manipula-

tion of DNA in Saccharomyces cerevisiae. Genetics. 1989; 122(1):19–27. PMID: 2659436; PubMed

Central PMCID: PMC1203683.

68. Takahashi S, Pryciak PM. Membrane localization of scaffold proteins promotes graded signaling in the

yeast MAP kinase cascade. Curr Biol. 2008; 18(16):1184–91. https://doi.org/10.1016/j.cub.2008.07.

050 PMID: 18722124; PubMed Central PMCID: PMC2562168.

69. Losev E, Reinke CA, Jellen J, Strongin DE, Bevis BJ, Glick BS. Golgi maturation visualized in living

yeast. Nature. 2006; 441(7096):1002–6. https://doi.org/10.1038/nature04717 PMID: 16699524.

70. Govindan B, Bowser R, Novick P. The role of Myo2, a yeast class V myosin, in vesicular transport. J

Cell Biol. 1995; 128(6):1055–68. https://doi.org/10.1083/jcb.128.6.1055 PMID: 7896871; PubMed Cen-

tral PMCID: PMC2120422.

71. Iizuka R, Yamagishi-Shirasaki M, Funatsu T. Kinetic study of de novo chromophore maturation of fluo-

rescent proteins. Anal Biochem. 2011; 414(2):173–8. https://doi.org/10.1016/j.ab.2011.03.036 PMID:

21459075.

72. Gordon A, Colman-Lerner A, Chin TE, Benjamin KR, Yu RC, Brent R. Single-cell quantification of mole-

cules and rates using open-source microscope-based cytometry. Nature Methods. 2007; 4(2):175.

https://doi.org/10.1038/nmeth1008 PMID: 17237792

73. Khmelinskii A, Keller PJ, Bartosik A, Meurer M, Barry JD, Mardin BR, et al. Tandem fluorescent protein

timers for in vivo analysis of protein dynamics. Nat Biotechnol. 2012; 30(7):708–14. https://doi.org/10.

1038/nbt.2281 PMID: 22729030.

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 34 / 35

https://doi.org/10.1021/bi0494018
http://www.ncbi.nlm.nih.gov/pubmed/15491163
http://www.ncbi.nlm.nih.gov/pubmed/2846561
https://doi.org/10.1128/mcb.6.1.318
http://www.ncbi.nlm.nih.gov/pubmed/3023832
https://doi.org/10.1073/pnas.1322761111
https://doi.org/10.1073/pnas.1322761111
http://www.ncbi.nlm.nih.gov/pubmed/25172920
https://doi.org/10.1016/j.semcdb.2006.03.002
https://doi.org/10.1016/j.semcdb.2006.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16647283
https://doi.org/10.1016/j.cellsig.2005.07.003
https://doi.org/10.1016/j.cellsig.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16120478
https://doi.org/10.1371/journal.pone.0095355
http://www.ncbi.nlm.nih.gov/pubmed/24743392
https://doi.org/10.1074/jbc.273.28.17749
http://www.ncbi.nlm.nih.gov/pubmed/9651375
https://doi.org/10.15252/msb.20178024
http://www.ncbi.nlm.nih.gov/pubmed/29695607
https://doi.org/10.1128/mcb.16.10.5264
http://www.ncbi.nlm.nih.gov/pubmed/8816439
https://doi.org/10.1016/j.cell.2012.03.012
https://doi.org/10.1016/j.cell.2012.03.012
http://www.ncbi.nlm.nih.gov/pubmed/22500799
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/9717241
http://www.ncbi.nlm.nih.gov/pubmed/2659436
https://doi.org/10.1016/j.cub.2008.07.050
https://doi.org/10.1016/j.cub.2008.07.050
http://www.ncbi.nlm.nih.gov/pubmed/18722124
https://doi.org/10.1038/nature04717
http://www.ncbi.nlm.nih.gov/pubmed/16699524
https://doi.org/10.1083/jcb.128.6.1055
http://www.ncbi.nlm.nih.gov/pubmed/7896871
https://doi.org/10.1016/j.ab.2011.03.036
http://www.ncbi.nlm.nih.gov/pubmed/21459075
https://doi.org/10.1038/nmeth1008
http://www.ncbi.nlm.nih.gov/pubmed/17237792
https://doi.org/10.1038/nbt.2281
https://doi.org/10.1038/nbt.2281
http://www.ncbi.nlm.nih.gov/pubmed/22729030
https://doi.org/10.1371/journal.pbio.3000484


74. Soumpasis DM. Theoretical analysis of fluorescence photobleaching recovery experiments. Biophys J.

1983; 41(1):95–7. https://doi.org/10.1016/S0006-3495(83)84410-5 PMID: 6824758; PubMed Central

PMCID: PMC1329018.

75. Keaton MA, Szkotnicki L, Marquitz AR, Harrison J, Zyla TR, Lew DJ. Nucleocytoplasmic trafficking of

G2/M regulators in yeast. Mol Biol Cell. 2008; 19(9):4006–18. https://doi.org/10.1091/mbc.E08-03-

0286 PMID: 18562688; PubMed Central PMCID: PMC2526683.

76. Bose I, Irazoqui JE, Moskow JJ, Bardes ES, Zyla TR, Lew DJ. Assembly of scaffold-mediated com-

plexes containing Cdc42p, the exchange factor Cdc24p, and the effector Cla4p required for cell cycle-

regulated phosphorylation of Cdc24p. J Biol Chem. 2001; 276(10):7176–86. https://doi.org/10.1074/jbc.

M010546200 PMID: 11113154.

77. Andrews SS, Bray D. Stochastic simulation of chemical reactions with spatial resolution and single mol-

ecule detail. Phys Biol. 2004; 1(3–4):137–51. https://doi.org/10.1088/1478-3967/1/3/001 PMID:

16204833.

78. Andrews SS. Smoldyn: particle-based simulation with rule-based modeling, improved molecular inter-

action and a library interface. Bioinformatics. 2017; 33(5):710–7. https://doi.org/10.1093/bioinformatics/

btw700 PMID: 28365760.

79. Yogurtcu ON, Johnson ME. Theory of bi-molecular association dynamics in 2D for accurate model and

experimental parameterization of binding rates. J Chem Phys. 2015; 143(8):084117. https://doi.org/10.

1063/1.4929390 PMID: 26328828; PubMed Central PMCID: PMC4552703.

80. Mahmutovic A, Fange D, Berg OG, Elf J. Lost in presumption: stochastic reactions in spatial models.

Nat Methods. 2012; 9(12):1163–6. Epub 2012/12/12. https://doi.org/10.1038/nmeth.2253 PMID:

23223170.

81. Kelley JB, Dixit G, Sheetz JB, Venkatapurapu SP, Elston TC, Dohlman HG. RGS Proteins and Septins

Cooperate to Promote Chemotropism by Regulating Polar Cap Mobility. Current Biology. 2015;25:

275–285

Gradient sensing in yeast

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000484 October 17, 2019 35 / 35

https://doi.org/10.1016/S0006-3495(83)84410-5
http://www.ncbi.nlm.nih.gov/pubmed/6824758
https://doi.org/10.1091/mbc.E08-03-0286
https://doi.org/10.1091/mbc.E08-03-0286
http://www.ncbi.nlm.nih.gov/pubmed/18562688
https://doi.org/10.1074/jbc.M010546200
https://doi.org/10.1074/jbc.M010546200
http://www.ncbi.nlm.nih.gov/pubmed/11113154
https://doi.org/10.1088/1478-3967/1/3/001
http://www.ncbi.nlm.nih.gov/pubmed/16204833
https://doi.org/10.1093/bioinformatics/btw700
https://doi.org/10.1093/bioinformatics/btw700
http://www.ncbi.nlm.nih.gov/pubmed/28365760
https://doi.org/10.1063/1.4929390
https://doi.org/10.1063/1.4929390
http://www.ncbi.nlm.nih.gov/pubmed/26328828
https://doi.org/10.1038/nmeth.2253
http://www.ncbi.nlm.nih.gov/pubmed/23223170
https://doi.org/10.1371/journal.pbio.3000484

